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ABSTRACT 
Macrofungi is an artificial group of fungi based on the size of reproductive structures, the 
carpophores or mushrooms, which are visible to the naked eye. Nowadays the mushrooms are 
important in many contexts, particularly, in the areas of gastronomy, economy, medicine and 
biotechnology. Mushrooms are, in general, best known for their culinary value, given the diversity 
and richness of flavours, textures and odours that characterize them. They are also nutritionally 
relevant, as they have high levels of proteins, amino acids, dietary fibers, vitamins and minerals 
and low calorie and fat levels. Besides all those nutrients, mushrooms are also rich in volatile 
compounds that are responsible for their smell. However, many species of mushrooms are toxic 
and therefore not edible, leading, in several cases, to death by accidental poisoning. The high 
morphological similarity between certain species and the fact that accurate expertise is needed, 
makes identification through morphological, macro- and microscopic characters difficult and 
therefore other alternatives are required. Currently, chemotaxonomy is used in these situations, 
resorting to molecular analysis, essentially, DNA sequencing, but also to chemical analysis, 
including the study of AA and FA profiles, as well as secondary metabolites such as volatile 
compounds. Furthermore, non-targeted approaches can be used, and it seems promising to 
identify chemotaxomical markers. 
In the present work, two GC-MS methodologies were applied in the chemical analysis of 22 
mushrooms species (12 edible, 3 toxic and 7 possibly toxic). The first one was a multi-target 
procedure to extract and derivatize AA, FA and sterols. The result was the identification of 25 
compounds, of which 21 were quantified. Moreover, the resulting GC-MS data was also submitted 
to non-targeted analysis through PCA and PLS-DA, allowing the identification of a compound (5-
carbon sugar alcohol) which is candidate to be a species-marker as it was present in a much 
higher amount in one edible species (Suillus bovinus). The second methodology applied was a HS-
SPME/GC-MS procedure to volatile profiling of the species. Targeted analysis of data resulted in 
the identification of the main volatiles in mushrooms, i.e.8-carbon skeleton molecules, in almost all 
species. On the other hand, non-targeted data analysis (PCA and PLS-DA) allowed the 
identification of 6 molecules that can be species- or genus-specific: an ester of hexanoic acid, 
which was only identified in one edible species - Lycoperdon perlatum; and five sesquiterpene-like 
molecules that have not been formally identified, these molecules were only present in Lactarius 
aurantiacus, a mushroom species whose edibility/toxic remains unknown. 
Keywords: AA, FA, sterols and volatile compounds; GC-MS; mushroom; targeted and non-
targeted analysis 
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RESUMO 
Os macrofungos constituem um grupo artificial de fungos baseado no tamanho das estruturas 
reprodutoras, os carpóforos ou cogumelos, que são visíveis a olho nu. Atualmente os cogumelos 
são importantes em diversos contextos, nomeadamente, nas áreas da gastronomia, economia, 
medicina e biotecnologia. Os cogumelos são mais reconhecidos pelo seu valor culinário, dada a 
diversidade e riqueza de sabores, texturas e odores que os caracterizam. São também alimentos 
nutricionalmente relevantes, uma vez que apresentam elevados níveis de proteínas, aminoácidos, 
fibras, vitaminas e minerais e baixos níveis calóricos e lipídicos. Além de todos esses nutrientes, 
os cogumelos são também ricos em compostos voláteis que são responsáveis pelo seu aroma. 
Contudo, existem muitas espécies de cogumelos que são tóxicas e por isso não edíveis, 
provocando intoxicações, em certos casos, fatais. A elevada semelhança morfológica entre 
determinadas espécies e o facto de serem precisos conhecimentos especializados, torna difícil a 
identificação através de características morfológicas, macro- e microscópicas sendo, por isso, 
necessário encontrar outras alternativas. Atualmente, a quimiotaxonomia é utilizada nestas 
situações, recorrendo-se à análise molecular, essencialmente, a sequenciação de DNA, mas 
também à análise química, nomeadamente o estudo do perfil de aminoácidos (AA), ácidos gordos 
(AG), bem como de metabolitos secundários como os compostos voláteis. Além disto, os estudos 
metabólicos, principalmente quando são utilizadas estratégias “non-targeted”, constituem 
metodologias promissoras para a identificação de marcadores quimiotaxonómicos. 
No presente trabalho, dois métodos de análise por GC-MS foram aplicados na análise 
química de 22 espécies de cogumelos (12 comestíveis, 3 tóxicas e 7 possivelmente tóxicas). O 
primeiro consistiu num procedimento analítico para extração e derivatização de AA, AG e esteróis. 
O resultado foi a identificação de 25 compostos, dos quais 21 foram quantificados. Além disso, os 
dados de GC-MS foram também submetidos a um tratamento “non-targeted”, cujo principal 
resultado foi a identificação de um composto (poliálcool com 5 átomos de carbono) que é um 
candidato a marcador químico de espécie, uma vez que estava presente em quantidades muito 
superiores numa espécie comestível (Suillus bovinus). O segundo método aplicado foi um 
procedimento de HS-SPME/GC-MS para obter os perfis de compostos voláteis das espécies. A 
análise de compostos-alvo resultou na identificação dos principais compostos voláteis dos 
cogumelos, i.e. moléculas com 8 átomos de carbono, em quase todas as espécies. Por outro lado, 
a análise “non-targeted” dos dados permitiu a identificação de 6 moléculas que poderão ser 
específicas da espécie ou do género: um éster do ácido hexanóico, que apenas foi identificado 
numa espécie comestível - Lycoperdon perlatum; e cinco compostos da família química dos 
sesquiterpenos, que não foi possível identificar formalmente, mas que apenas estavam presentes 
nas amostras de Lactarius aurantiacus, uma espécie de cogumelos cuja 
comestibilidade/toxicidade ainda é desconhecida. 
Palavras-Chave: AA, AG, esteróis e compostos voláteis; análise “targeted” e “non-targeted”; 
cogumelo; GC-MS 
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1. MUSHROOMS 
Nowadays the concept of mycology refers the science that studies fungi. However, 
etymologically, mycology means “the study of mushrooms”, as this word comes from the 
greek mykes (Gr. μύκης), which means mushrooms, and logos (Gr. λόγος), which conveys 
the idea of study. The mycology started, indeed, with the study of mushrooms, as these 
fungal species were the most accessible to the Antiquity naturalists.[1] 
 
1.1 Definition and taxonomical classification 
Mushrooms, also designated as fruiting-bodies, are the macroscopic reproduction 
structure (bigger than 1 mm) of the some fungi. The fungal species that have this type of 
structure are designated as macrofungi. Although, this is consider an artificial group, the 
use of this term is useful to mycologists once it allows grouping all these fungi on a single 
group.[2] 
Macrofungi are, in their majority, species that belong to two of five[3] phyla of the Fungi 
kingdom: Ascomycota Caval.-Sm. and Basidiomycota R.T. Moore (Table 1.1). 
 
Table 1.1. Some characteristics of the principal phyla where the macrofungi belong.
[1-3]
 
 Ascomycota Caval.-Sm Basidiomycota R.T. Moore 
Number of species (approximately) 32 739 species 29 914 species 
Name / Shape of the spore 
producing structure 
Ascus (plural Asci) / Bag shape Basidium (plural Basidia) / Paddle-shaped 
Name / Number of spores Ascospores / Usually 8 Basidiospores / Usually 4 
Name of the fruiting body Ascocarp Basidiocarp 
 
Besides the lower number of species, the phyla Basidiomycota is the one that 
integrates the macrofungi whose fruiting bodies (basidiocarp) exhibit the shape more 
associated to mushrooms (Figure 1.1). 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 
analysis in toxic and edible mushrooms 
4 
 
Figure 1.1. Basidiocarp structure: A – cap (or pileus); B – scales; C – hymenium; D – annulus (or 
ring); E – stipe (or stalk) ; F – volva (or cup) (Adapted from [1]) 
 
The main taxonomical groups where the macrofungal species belong have been 
hierarchically organized as showed in Table 1.2. 
 
Table 1.2. Main taxonomical groups of macrofungal species.
[2]
 
Phylum Ascomycota Caval.-Sm. Basidiomycota R.T. Moore 







Order Pezizales J. Schrӧt 
Agaricales Underw. 
Boletales E.-J. Gilbert 
Cantharellales Gӓum. 
Phallales E. Fisch. 
Polyporales Gӓum. 
Russulales Kreisel ex 
P.M. Kirk, P.F. 
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1.2 The importance of mushrooms 
Fungi are extremely important organisms, despite the fact that sometimes they are 
undervalued. Ecologically these species are essential, as they are crucial in the regulation 
of the ecosystems processes, but they also show a high anthropic value in gastronomy, 
medicine and biotechnology. 
Fungi, being chemoheterotrophic organisms, need to obtain their nutrients from the 
environment.[2] Depending on the strategy used to obtain these compounds, the fungi may 
be classified in three groups[2, 4]: decomposer, which are important in the decomposition of 
the dead organic and in nutrient recycling matter through the release of enzymes to the 
soil[2, 4]; mycorrhizal, which, with the establishment of a symbiotic association with plant 
roots (mycorrhizal association), improve the plant intake of water and nutrients and 
bestow resistance/tolerance to the biotic and abiotic stresses[4, 5]; and finally the parasite, 
which establish an harmful association with hosts (usually plants), being able to create 
habitat to other organisms in case of hosts’ death.[6] 
Beyond participating in all these processes, macrofungi, specifically their fruiting 
bodies, integrate the food chains of some animals and are part of the human diet 
(micophagy)[2]. Furthermore, mushrooms of some species are highly appreciated by 
humans due to their organoleptic properties (taste, smell and texture)[7, 8]. Furthermore, 
they are high nutritional value food, as they are rich in proteins, amino acids (AA), 
vitamins and minerals and have low lipid and caloric contents.[8-10] Hence, these 
macrofungal species have high gastronomic and economic values. Among these species, 
the mycorrhizal ones are more valorised because they are difficult to produce in culture. In 
this context, truffles (fruiting bodies of the species belonging to genus Tuber P. Micheli ex 
F.H. Wigg.) are the most appreciated and, consequently, they have expensive prices. The 
most expensive price of the “white truffle”, also known as “Alba Madonna” (Tuber 
magnatum Pico & Vitt.), may reach 17.500€/kg. In Portugal, Boletus edulis Bull., 
Cantharellus cibarius Fr. and Amanita caesarea (Scop.) are, economically, the most 
important species, with prices in the range of 15-30€/kg.[2, 11] 
Besides their nutritional value, mushrooms are also important in medicine, since they 
have bioactive compounds that confer anti-atherosclerotic, anti-microbial, anti-neoplastic, 
anti-oxidant, immunomodulatory and hypoglycaemic properties.[12] Some of the species 
with recognized medicinal value are: Armillaria mellea (Vahl) P. Kumm., Auricularia 
auricula (L.) Underw, B. edulis, Flammulina velutipes (Curtis) Singer, Lactarius deliciosus 
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(L.) Gray, Lepista nuda (Bull.) Cooke, Marasmius oreades (Bolton) Fr., Pleurotus 
ostreatus (Jacq.) P. Kumm. and Trametes versicolor (L.) Lloyd.[2, 10] 
 
1.3 Mushroom identification 
Mushroom identification is always a challenge! Even if a species was previously 
identified, doubts about the identity of a mushroom can always arise when it is seen for 
the first time. Nevertheless, any mushroom is, probably, identifiable, if the time and 
resources (bibliographic and experimental) are available.[13] 
Mushroom identification is performed through the analysis of macro and microscopic 
features. The macroscopic characteristics are essential to the identification of species in 
the field, and, in many cases, are enough to recognize the genus which the mushroom 
belongs.[14] 
At macroscopic level, the identification is based on ecological, morphological and 
organoleptic features and also by using chemical reactions with specific reagents. The 
most relevant ecological information is the habitat, involving the type of soil and 
vegetation, the colonized substrate (soil, wood, etc.) and the growth patterns (alone, 
gregarious, etc.). Then, the ephemeral features must be registered, like the remains of veil 
and viscosity and also the organoleptic properties (colour, smell and taste). 
After the ecological identification, the next step is the morphological analysis which 
should be thorough and organized. To achieve a complete morphological analysis of the 
mushroom, it is important to note, from the cap to the stipe, all the important details, 
named a “downward observation”. For each part of the mushroom, some specific details 
should be noticed, for example: the colour and shape of the cap; the presence/absence of 
gills or tubes in hymenium; and the presence/absence of annulus and/or volva in the stipe. 
Despite the importance of the external analysis of the mushroom, it is also important to 
observe the internal structure of the specimen and some of its microscopic details. 
Concerning the microscopic features, the technique used by mycologists is called “spore 
print” – it is a procedure that results in the deposition of the spores on a paper sheet 
(Figure 1.2). The colour of the “spore print” must be registered once this is important to 
the mushroom identification. Furthermore, the obtained spores are usually tested with the 
Melzer’s reagent and observed in a microscope, to analyse their shape and size. 
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The morphological analysis is accomplished by observing the mushroom interior. 
Normally the specimen is longitudinally sliced, allowing the observation of the flesh’s 
anatomy and its colour – it is also important to pay attention to colour changes due to 
contact with air.[13] This procedure is also important to evidence some organoleptic 
properties, concerning taste and aroma, since they are not perceptible when the 
mushroom is intact. The analysis of these properties can be imperative to the identification 
of certain mushroom species. Despite the fact that the majority of the mushrooms have 
similar odours[15], certain species/genus have very specific smells which can help to the 
specimen identification – e.g. some species belonging to Mariasmus Fr., Agaricus Murrill 
and Clitocybe (Fr.) Staude genera smell like garlic, almonds and anise, respectively.[16-18] 
The taste, being one of the more specific features of mushrooms, could also be important 
in the species/genus identification. However, this practice can be dangerous, even deadly, 
and should only be done when there is already some certainty in the prior identification of 
the mushroom.[16] Moreover, when tasting the specimen some “safety measures” should 
also be taken – chew a small piece of mushroom for one or two seconds and then spit it, 
never swallow it. 
 
 
Figure 1.2. Spore print: A – hymenium placed on the paper sheet; B – spore deposition (Adapted 
from the original available at: http://www.anbg.gov.au/fungi/images-captions/spore-print-0018.html [05/06/12]) 
 
Some chemical reactions can be performed by mycologists to improve mushroom 
identification. The goal of these reactions is search if there are specific colour changes in 
fruiting bodies (Figure 1.3). The reagents most commonly used are: potassium hydroxide 
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(30-40% KOH), iron sulfate (10% FeSO4)
[19], ammonium hydroxide (25% NaOH) and 
Melzer’s reagent, aforementioned.[13] 
 
 
Figure 1.3. Result of reaction with 5% KOH in the cap (A) and flesh region (B) of a mushroom 
belonging to the species Cortinarius callisteus (Fr.) Fr. (Adapted from the original available at: 
http://www.anbg.gov.au/fungi/images-captions/spore-print-0018.html [06/09/12]) 
 
Finally, when there is the need to preserve a mushroom to further studies, the 
specimen is submitted to a dehydration process, and kept dry, which is called exsiccation 
(from Latin exsiccatus – to dry). 
 
1.4 Misidentification problems 
The correct identification of a wild mushroom, especially when the specimen is 
intended to human consumption, is extremely important, even if it is difficult and time 
consuming. 
 If identification is careless and undervalued, the wild mushroom consumption is always 
risky, once the ingestion could result in a severe intoxication, whose worst consequence 
may be death. Despite the fact that most cases of mushroom intoxications result from 
misidentification, there are also many cases where these intoxications results from 
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suicide/homicide attempts and as consequence of “intentional magic mushrooms” 
ingestion – those with hallucinogenic properties [Amanita muscaria (L.) Lam. and species 
from Psilocybe (Fr.) P. Kumm., Panaeolus (Fr.) Quél. and Copelandia Bres. genera].[20, 21] 
Concerning the misidentification cases, most of them are due to the morphological 
similarity between some edible and toxic species (Figure 1.4 Table 1.3).[20, 22] 
Epidemiologic studies reveal that mushrooms poisonings have been increasing.[21, 22] 
The most severe cases, those resulting from ingestion of mushrooms containing the 
toxins amanitine [species belonging to Amanita Pers., Galerina Earle and Lepiota (Pers.) 
Gray genera] and orellanine [species belonging to Cortinarius (Pers.) Gray genus], 
although follow the trend, remain uncommon.[22] Nowadays, several reports of wild 
mushroom poisoning are described in the literature.[23, 24]  
Finally, it should be noted that the increasing number of poisonings is a consequence 
of the popularity of wild mushroom harvesting and consumption, and also the growing 
number of individuals who consume “magic mushrooms” in order to experience its 
hallucinogenic effects.[21, 22] 
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Figure 1.4. Examples of some mushroom species that may be confounded because their 
morphological similarities: (A) Volvariella gloiocephala (DC.) Boekhout & Enderle (edible) 
confounded with (B) Amanita phalloides (Vaill. ex Fr.) Link (deathly), (C) Cantharellus cibarius Fr. 
(edible) confounded with (D) Omphalotus olearius (DC.) Singer (toxic) and (E) Amanita caesarea 
(Scop.) Pers. (edible) confounded with (F) Amanita muscaria (L.) Lam. (toxic and hallucinogenic) 
when this, because of rain, loses is characteristic white scales. (Adapted from the originals available at: 
(A) http://www.koleopterologie.de/arbeitsgemeinschaft/beitraege/esser/volvariella-gloiocephala-foto-keller-640x480.jpg 
[06/09/12], (B) http://upload.wikimedia.org/wikipedia/commons/9/99/Amanita_phalloides_1.JPG [06/09/12], (C) 
http://www.naturephoto-cz.com/photos/others/cantherellus-31880.jpg [06/09/12], (D) 
http://www.naturamediterraneo.com/Public/data/polypo/20041017181445_Omphalotus%20olearius.JPG [06/09/12], (E) 
http://t3.gstatic.com/images?q=tbn:ANd9GcRePlo5HgXbpVUBTMiUlAzu1QeKylifLI5D0XCE_X6XYMiccz4lWw&t=1 
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Table 1.3. Some examples of edible and toxic mushrooms usually confounded. (Adapted from [22]) 
Edible mushroom species Toxic mushroom species 
Agaricus arvenis Schaeff Agaricus xanthodermus Genev. 
Amanita ovoidae (Bull.) Link Amanita proxima Dumée  
Armillaria mellea (Vahl) P. Kumm. 
Clitocybe acromelalga Singer 
Galerina unicolor (Vahl) Singer 
Calocybe gambosa (Fr.) Donk Inocybe erubescens A. Blytt 
Clitocybe gibba (Pers.) P. Kumm. Clitocybe amoenolens Malençon  
Coprinus comatus (O.F. Müll.) Pers. Coprinus atramentarius (Bull.) Fr. 
Marasmius oreades (Bolton) Fr. Clitocybe dealbata (Sowerby) Gillet 
Lepista inversa (Scop.) Pat. 
Clitocybe amoenolens Malençon   
Agaricus xanthodermus Genev. 
Morchella esculenta (L.) Pers. Gyromitra esculenta (Pers.) Fr. 
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2. MUSHROOM AUTHENTICITY 
The unequivocal identification of a mushroom species through its phenotypical features 
(morphology and physiology) is extremely difficult, and in certain cases even impossible, 
due to subjectivity of these kind of analysis and also as a consequence of scarcity and 
ambiguity of these characteristics.[25, 26] Thus, it is essential to find and use other 
properties that allow a correct identification of the specimens. Therefore, the 
chemical/molecular composition of species is a very important taxonomical tool, being 
complementary to the phenotypical features in identification and classification of such 
organisms. 
Chemotaxonomy, also designated molecular taxonomy, uses the chemical composition 
and/or molecular analysis of species to its classification and identification. The molecules 
which are the most used in this context are deoxyribonucleic acid (DNA), fatty acids (FA), 
proteins, carbohydrates and secondary metabolites (SM).[27] 
2.1 DNA analysis 
Interest and investigation in molecular biology lead to development of new technics that 
allows species identification[28], namely, through the study of the DNA molecule. Thus, the 
DNA analysis, also called molecular analysis, is, nowadays, the most common technique 
in fungal chemotaxonomy. The importance of DNA in this context is due to the fact that 
the genetic composition of each species is unique and specific, not being affected by age, 
physiological conditions or environmental factors.[29] 
Molecular analysis techniques require, in first place, the extraction of genetic material. 
In the case of mushrooms, there are described in the literature different “basic” methods 
to extract DNA, both for fresh and dried mushrooms (exsiccated), ranging from simple 
commercial extraction kits to laboratory protocols[29, 30] a little more complex. After the 
extraction of DNA, the genetic material is amplified through the polymerase chain reaction 
(PCR). Then, there are two methodologies that are the most utilized: DNA sequencing[31] 
or the analysis of DNA fragments length[28]. To obtain and analyse DNA fragments, two 
techniques can be used:  RAPD – randomly amplified polymorphic DNA[32]; and ARDRA – 
amplified ribossomal DNA restriction analysis[33]. 
Concerning, DNA sequencing and ARDRA technique, as its name indicates, the 
recommended and most commonly used DNA region in these studies is rDNA[28, 33], i.e. 
ribossomal DNA – the DNA region that contains the group of genes that codifies the 
ribossomal ribonucleic acid (rRNA). The Fungal Work Group (FWG) of the Consortium for 
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the Barcode of Life (CBOL), after several studies, concluded that the ITS1-5.8S-ITS2 
region of rDNA (also known simply by ITS region – Internal Transcribed Spacer region), 
should be chosen as the molecular marker for the identification of fungal species.[34] The 
ITS region was chosen because it has several advantages, e.g. ease of amplification and 
the fact that it’s the most universal option[31, 34]. 
 
2.2 Analysis of other molecules 
Chemotaxonomy, as mentioned above, is based on the study of different molecules of 
organisms in order to identify them. Thus, besides the aforementioned DNA molecule 
study, the analysis of other molecules, using, obviously, other kind of techniques and 
methodologies, is important and useful in the chemotaxonomical context. 
 
 Chemical markers 2.2.1
Chemotaxonomy, in its most global definition, can use any molecule (or molecule 
groups) of an organism to the species identification. However, depending on the organism 
to identify, it is common that certain groups of compounds are preferred. Concerning 
macrofungi, SM are the most used molecules for chemotaxonomical purposes.[35] Apart 
from the study of these compounds, in literature, there are also chemotaxonomical studies 
that are based on the analysis of FA, proteins, AA and carbohydrates, despite the fact that 
the use of these molecules is much smaller compared to SM. 
SM have been extremely used in macrofungal species identification, although, they 
have been interpreted as “morphological/organoleptic markers”, once they are responsible 
for  characteristics like colour, odour and taste.[35] When compared to primary metabolites 
(PM), SM are preferable in these kind of studies once most of them show higher ability to 
species differentiation.[35]  PM, being vital to the maintenance and survival processes of 
organisms, such as growth and reproduction, are the “base molecules of life” and so they 
are common to the majority of species, even if these are phylogenetically distinct. 
Otherwise, the SM, not being essential to survival, are more differentiated among species 
as consequence of mutations and evolutionary processes. Yet, not all SM, when used 
individually, are potential chemotaxonomical markers, once phylogenetically different 
species can, through synthesis processes that are evolutionarily distinct, produce the 
same SM.[27] Thus, the “choice” of a molecule as chemotaxonomical marker should be 
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based on its differentiation efficiency[27], i.e. its specificity for a species and/or genus. 
Obviously, species identification based on a single molecule it is almost impossible. 
Therefore it is necessary to identify a group of molecules, which, in most of the cases, 
should contain compounds originated in different biosynthetic paths, to set a pattern of SM 
which can identify that species.[27, 35] 
Species belonging to Basidiomycota phylum produce a large number of SM.[27] 
Although a large number of SM have been identified and characterized, such as 
pigments[36], toxins[37, 38] and  volatile compounds responsible for aroma and taste[7, 39], few 
of these studies regarded the chemotaxonomic importance/utility of these molecules. 
Even so, there are in the literature some studies concerning the chemotaxonomical value 
of such molecules. A study developed in 2002 allowed the identification of some pigments 
named retipolides (spiromacrolactones) which are chemotaxonomical markers of the 
species belonging to Retiboletus Manfr. Binder & Berinsky genus.[40]  Other work revealed 
that atromentin, thelephoric acid and some pulvinic acid derivatives were pigments 
common to several species belonging to Omphalotus Fayod genus and so they can be 
considered chemical markers for those species.[41] As an example of application of 
volatiles in chemotaxonomical investigations, there is a published work in which the 
volatile profiles of three species was achieved and the authors concluded that those 
patterns were distinctive among each specimen although the compounds present were 
similar in all samples – aliphatic and terpenoid alcohols, 4- and 5-olides (i.e. γ- and δ-
lactones) and alicyclic and aromatic compounds.[42] 
Despite the importance of SM in this context, it is important to note that the 
biosynthesis of these compounds depends on the stage of growth, abiotic factors and, in 
the case of mushrooms, can, sometimes, depend on the fruiting body region that is 
analysed.[27, 43] 
With regard to macrofungi, besides the SM, other molecules have also been analysed 
for chemotaxonomical purposes, such as AA and FA. As an example, the study of FA 
profile in basidiospores of several species of mushrooms allowed the identification of 
molecules that are specific of certain species, e.g. heptadecanoic acid [(17:0) and 
docosanoic acid (C22:0) were only present in the Agaricus sylvicola (Vittad.) Peck and 
Armillaria borealis Marxm. & Korhonen species, respectively.[43] Another example is a 
study about AA composition in six species of Amanita Pers. genus where the main 
conclusion was that although there was some differences among AA contents it is not 
likely that those differences can be used for identification/classification purposes.[44] 
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Although there are several studies about the chemical composition of mushrooms, 
most of them does not focus species identification. Thus, due to the high number of 
mushroom species and to the severity of some mushroom intoxications, macrofungi 
chemotaxonomical analysis remain very important in order to discover patterns of 
compounds that can improve the correct identification of species.  
 
 Chemical analysis techniques 2.2.2
The chemical analysis, in the chemotaxonomical context, is done through several 
techniques, but the work methodology is, usually, the same: a sequential three-step 
process. The first step is the molecules extraction from the matrix, followed by the 
separation and detection of analytes through chromatographic techniques and, finally, 
their identification and/or characterization (Table 2.1). 
The choice of extraction techniques to use depends on the chemical properties of 
analytes in study. However, all the techniques rely on the same principle: distribution of 
analyte(s) between two immiscible phases.[45] In the case of volatiles (i.e. inherently 
volatile compounds or derivatized compounds), the most common method is the 
extraction of these compounds from headspace (HS) through the adsorption of analytes 
into different kinds of adsorbents. Among the different HS extraction techniques, the HS-
SPME (headspace solid phase microextraction) is undoubtedly the most used. In this 
technique, the adsorbents are fibers coated with various stationary phases with different 
thicknesses. So, the volatiles present in HS are adsorbed in SPME fibers and 
subsequently are thermally desorbed in the injector of the chromatographic apparatus. 
Besides HS techniques, volatile molecules can also be extracted through simultaneous 
distillation and extraction (SDE) and supercritical fluid extraction (SFE).[35] For non-volatile 
compounds (or semi-volatile compounds that cannot be extracted by HS techniques) 
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Table 2.1. Main techniques used in chemotaxonomical analysis of mushrooms, procedure and kind 
of compounds to which they are associated, as well as examples of species analysed by these 
techniques. 









 Amanita rubescens 
Pers. 
 Boletus edulis Bull. 
 Russula cyanoxantha 
(Schaeff.) Fr. 








 Solid-liquid extraction 
Non-volatile and 
semi-volatile 
 Cantharellus cibarius 
Fr. 
 Fistulina hepatica 
(Schaeff.) With. 
 Lepista inversa (Scop.) 
Pat. 
Heleno, 2010 – 
[49]
 









 Agaricus bisporus (J.E. 
Lange) Imbach 
 Lycoperdon perlatum 
Pers. 













 Amanita muscaria (L.) 
Lam. 
 Hypholoma capnoides 
(Fr.) P. Kumm. 
 Russula delica Fr. 











 Agaricus bisporus (J.E. 
Lange) Imbach 
 Armillaria borealis 
Marxm. & Korhonen 
 Cortinarius nemorensis 
(Fr.) J.E. Lange 
 Retiboletus retipes 
(Berk. & M.A. Curtis) 
Manfr. Binder & 
Bresinsky 






Brondz, 2004 – 
[43]  
FTIR – Fourier transform infrared spectroscopy; GC – gas chromatography; HPLC – high performance liquid 
chromatography; HS – headspace; HS-SPME – headspace solid phase microextraction; MECK - 
micellar electrokinetic chromatography; MS – mass spectrometry; NMR – nuclear magnetic resonance; SDE – 
simultaneous distillation extraction; SFE – supercritical fluid extraction; TLC – thin layer chromatography. 
 
As extraction procedures, different chromatographic methods are used to separation of 
volatile and non-volatile molecules. 
In the non-volatile context, planar chromatography techniques, namely thin layer 
chromatography (TLC) and paper chromatography, were the first to be utilized in 
separation of fungal molecules.[27] However, nowadays there are separation techniques 
more efficient than planar chromatography, and so these techniques, namely TLC, are 
only used for screening.[35, 54] Indeed, the non-volatile separation method most commonly 
used nowadays is high performance liquid chromatography (HPLC).[27] Micellar 
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electrokinetic chromatography (MECK) also allows the separation of non-volatile 
molecules[35], but is much less used than HPLC. 
The separation of volatile compounds, or semi-volatile compounds after derivatization 
(e.g. AA, carbohydrates and FA/lipids), is performed by gas chromatography (GC).[27] In 
this technique, the stationary phase is chemically bonded to a fused silica capillary 
column. The type (polar or non-polar) and thickness of stationary phase used depends on 
the polarity and volatility of the compounds that are being analysed. In the other hand, the 
mobile phase is an inert gas, e.g. helium (He), hydrogen (H2) or nitrogen (N2). For the 
detection, the flame ionization detector (FID) remains the most widely used detector, once 
it allows detecting a large number of compounds. However, FID does not give any 
structural informal about the detected molecules, and thus the identification of unknown 
compounds is almost impossible.[27] In this context, infrared (IR) spectroscopy can also be 
used to detect and identify fungal molecules. Detection by IR spectroscopy is performed 
through an IRD (infrared detector) or a hyphenated technique called gas chromatography-
Fourier transform infrared spectroscopy (GC-FTIR). A disadvantage of detection by IR 
spectroscopy is its low sensitivity when compared to other detection methods.[27] 
Besides GC-FTIR, other hyphenated techniques are used to analyse fungal species, 
namely liquid chromatography-mass spectrometry (LC-MS) and gas chromatography-
mass spectrometry (GC-MS). GC-MS is nowadays the most important technique for 
detection and characterization of volatile molecules[35], which are responsible for the smell 
and taste of mushrooms. Some studies using GC-MS technique are reported in literature 
to the analysis of macrofungal species[7, 55, 56]. Although LC-MS is not so commonly used 
as GC-MS, there are some scientific publications in which this methodology is applied to 
macrofungi[52, 57, 58]. Electron impact (EI) is the ionization method used in GC- and LC-MS 
to promote ionization and, consequently, fragmentation of analytes. The mass spectrum 
resulting from fragmentation by EI allows the identification of molecules through 
comparison with mass spectra in a database. EI fragmentation patterns are also important 
for the characterization of unknown compounds, once through mass fragments and 
fragmentation mechanisms their chemical structures can be understood. 
Finally, another important technique to the identification/characterization of unknown 
molecules is nuclear magnetic resonance (NMR). Concerning macrofungal species, NMR 
has been important in structural elucidation of several polysaccharides.[59-61]  
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3. METABOLOMICS 
Nowadays, there are several “omics” technologies which are applied in many scientific 
areas, ranging from medicine to environmental studies. The goal of these “omics” 
technologies is the study and mapping of a group of biomolecules – the “omes”. For 
example, the study of all genes (genome) is called genomics, in the same way, 
proteomics is the study of all proteins and the aim of metabolomics is the study of 
metabolites produced by an organism (metabolome).[62] These “omics” approaches are 
considered important tools to understand the biology of an organism and to interpret the 
complexity of its biological processes.[63-65]  
Metabolomics is the comprehensive study of metabolome – the set of all low molecular 
weight molecules (metabolites) produced by an organism, which can be organic 
compounds such as  AA, FA, carbohydrates and vitamins, but also inorganic molecules 
and elemental species.[66] The study of metabolome consists on the identification and 
analysis of metabolite composition, which is itself a huge challenge, but also the 
understanding of their dynamics, interactions and responses to changes in their 
environment.[67, 68] The achievement of those purposes is possible due to the use of 
sophisticated analytical methods and multivariate statistical analysis.[69] 
Results obtained from metabolomic studies can be used to biomarker identification, 




Since the development of metabolomics in the 1990’s, different approaches have been 
used to study metabolome. Actually there are five conceptual approaches that can be 
classified in two complementary groups: 1) Targeted analysis – which comprises A: 
metabolomic target analysis and B: metabolite profiling; and 2) Non-targeted analysis – 
which includes C: metabolic fingerprinting, D: metabolomics and E: metabonomics. 
1) Targeted analysis, which have been applied before the arise of the term 
‘metabolomics’, focuses on the analysis and study of specific group of 
metabolites: 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 
analysis in toxic and edible mushrooms 
19 
A. Metabolomic target analysis refers to the identification and quantification of 
a small group of known metabolites (‘targets’) related to a specific 
metabolic reaction.[65, 66, 70] 
B. Metabolite profiling aims to identify a larger set of compounds than 
metabolic target analysis. Herein, the study focuses not only in known but 
also in unknown compounds of a specific metabolic pathway.[65, 66, 70, 71] 
2) Non-targeted analysis is a global study of all metabolites and their changes as 
response to environmental variations: 
C. Metabolic fingerprinting is a rapid and global analysis of samples to 
generate a ‘metabolic signature’, which is compared to others with the aim 
of finding differences between those samples.[65, 66]  Usually, quantification 
is not employed and only metabolites that allow samples discrimination are 
identified and studied to understand their biological roles.[65, 71] 
D. Metabolomics is, as mentioned before, the non-biased identification and 
study of all metabolites (metabolome) produced in organism, and that are 
present in biological samples such as cells, tissues or biofluids.[65-67, 71] 
E. Metabonomics is the analysis of perturbations in endogenous metabolites 
levels, i.e. the metabolic response of living systems, due to diseases, drugs 
and toxins intake and genetic modifications.[66, 70, 72] Metabonomics is 
considered a subset of metabolomics, a broader concept[73], but sometimes 
the terms are used interchangeably.[71, 73] 
When compared to targeted approaches, non-targeted metabolomics is best suitable 
for chemotaxonomical purposes and species-specific markers discovery, as this kind of 
metabolomic experiment is designed to simultaneously analyse the largest number of 
metabolites possible and, consequently, to study unexplored metabolic pathways – such 
as secondary metabolites synthesis pathways. Thus, the term ‘metabolomics’ will be used 
herein to refer to non-targeted metabolomics. 
 
3.2 Role of metabolomics in chemotaxonomy 
A cross-interpretation of terms ‘chemotaxonomy’ (Section 2.2) and ‘metabolomics’ 
easily allows to conclude that metabolomics is a powerful and important strategy to 
discover chemotaxonomical relevant molecules. Indeed, metabolomics, and specifically its 
non-targeted approaches, aiming to identify all molecules produce by an organism, is the 
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ultimate tool to find those compounds/metabolite profiles that are species-specific or, at 
least, species-indicative.  
As previously referred, molecules resulting from secondary metabolism are very 
important in this context, since a “fungal secondary metabolite” is a chemical compound 
produced by a limited number of species in a genus, an order, or even phylum, and has a 
high differentiation power”[27]. Nowadays there are some reviews on the use of metabolite 
profiling in fungal species (e.g. Frisvad et al. (2008)[27], Nielsen et al. (2004)[45] and 
Smedsgaard & Nielsen (2005)[74]), but in this context, Basidiomycota phylum is still widely 
unexplored[75]. 
 
3.3 Metabolomics workflow 
Metabolomics investigations results from the combination of analytical methodologies, 
the tool to ‘reach’ metabolome, and bioinformatics (multivariate statistical analysis or 
chemometrics), which allows data processing and interpretation.[63, 65] Thus, a 
metabolomic experiment is a sequential multi-step procedure that can be divided into four 
parts: sample collection and preparation; metabolites separation and identification; data 
mining and extraction; and data analysis and interpretation.[76]  
Sample collection refers to the samples harvesting and storage. Herein, it is important 
to collect an appropriate number of samples to match the study requirements and reduce 
the influence of biological variance.[77] This is not always possible, namely when wild 
species are under analysis, such as wild mushrooms. Sample sampling and storage 
should ensure that there is no formation or degradation of metabolites due to enzymatic 
activity, oxidation processes or bacterial growth. So, after sample collection, metabolism 
should be stopped (sample quenching) as quickly as possible, which can be done by 
different processes (e.g.  freezing in liquid nitrogen).[76]   Sample preparation is a 
procedure step that serves several purposes: metabolite extraction from matrix (Section 
2.2.2) – i.e. removal of matrix components that can interfere in the analysis (e.g. 
macromolecules); transference of metabolites to a medium compatible to the analytical 
technique – e.g. extract metabolites from biological tissues to an appropriate solvent to 
inject it in a gas chromatograph; metabolite enrichment – i.e. a pre-concentration step to 
increase the concentration of low-abundance metabolites; and, specifically in GC, 
derivatization to improve metabolites volatility.[76, 77] Ideally, a metabolomics analysis 
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would be performed without sample preparation, as this procedure necessary leads to 
metabolites loss and perhaps to contaminations.[76, 77] 
Metabolite separation is achieved using chromatographic techniques such as liquid 
and gas chromatographies (Section 2.2.2) and capillary electrophoresis. There are a 
large collection of separation methodologies that can be used in metabolomic 
experiments, and so the advantages and limitations, sensibility and costs of those 
techniques but also the nature of samples and metabolites under analysis should be 
taken in account to choose the most suitable technique to be applied.[70, 78] Nowadays 
the two analytical techniques most applied to metabolite identification in 
metabolomics’ studies are NMR spectroscopy and MS (Section 2.2.2).[63, 76]  Both are 
high-throughput techniques, which allow the analysis of a large spectrum of metabolites 
in a fast and reproducible way. The main advantages of NMR are that it provides 
structural information on molecular structure, which facilitates unknown metabolite 
identification, and requires minimal sample preparation, but otherwise its low sensitivity 
is a considerable drawback.[63, 70, 76]   In contrast to NMR, MS is more sensitive, but in 
the other hand it is destructive to samples and usually requires sample preparation.[63, 
76] Besides these, other techniques can be used such as FTIR and Raman 
spectroscopies.[70] 
Once the goal of metabolomics is the study a wide group of compounds, the 
application of separation/identification techniques to samples generates a large amount of 
data.[67, 76] Thus, data pre-processing, i.e. transformation of raw data into a standard and 
uniform format, is an essential part of data mining and extraction, once it allows the 
correction of data differences caused by experimental variables.[67, 77] Due to the high 
volume of data, this is done through specific software and this step includes: peak 
alignment (matching peaks across multiple samples), peak normalization (adjust peak 
intensities and reduce analytical drift), peak deconvolution (separate overlapped peaks to 
distinguish co-eluted metabolites) and baseline correction (remove background noise).[67, 
76, 77]  Nowadays there are several commercial and free software programs to perform 
these operations[67, 77], each one with its own advantages and limitations, but still none of 
those is universal.[76] 
After pre-processing, data analysis is performed through several multivariate statistical 
analysis methods, which allows to “see” spectral patterns, i.e. metabolic signature of 
samples.[76] Herein there are two main approaches: supervised analysis and unsupervised 
analysis. Unsupervised methods (e.g. principal component analysis – PCA, probably the 
most commonly multivariate statistical analysis method used in metabolomics[79]; or 
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hierarchical cluster analysis – HCA) discriminate samples through their metabolite 
composition in an unbiased way, i.e. without any prior knowledge about samples.[78, 79] 
Thus, these methods enable the identification of differences between samples and also 
the presence of outliers in data.[79] In contrast, supervised methods, such as partial least-
square discriminant analysis (PLS-DA) – one of the most currently used[79], requires the 
supply of information about samples (e.g. diseased and healthy subject, toxic and non-
toxic specimen, etc.) to create cluster of patterns, i.e. reveal the metabolic features which 
are better to differentiate those groups .[77, 78] Once found the compounds responsible for 
differences, metabolite identification must be done through the techniques previously 
referred – i.e. comparison of NMR and/or MS spectrum(a) with those present in spectral 
databases or with the standard compound spectrum or, when it is a compound identified 
for the first time and its standard is not available in suppliers, through molecular structural 
information provided by those techniques.[78] In order to establish that a metabolite (or a 
group of them) is indeed a marker, either a biomarker or a chemotaxonomical marker, it is 
obviously necessary to perform more extensive studies to validate that conclusion. 
 
Despite the improvements in separation, analytical and statistical methods, there are 
still some limitations in metabolomics, which can be a result of the complexity of 
metabolome, the large amount of data generated and the intra- and inter-individuality of 
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4. OBJECTIVES AND EXPERIMENTAL APPROACHES 
The main purpose of this research work was to analyse wild edible and toxic 
mushrooms through GC-MS technique, aiming samples discrimination through metabolic 
profiles. Thus, to achieve this goal two approaches were chosen: 
 
A. The application of a multi-target method for the identification and 
quantification of three classes of metabolites – amino acids, fatty acids and sterols.  
Although these compounds were previously studied in different mushroom species and 
found not to be the most suitable to identification purposes, as they are primary 
metabolites, there were several reasons to perform this study: 
 Test the applicability of this multi-target method in mushrooms, once this 
methodology was never been applied in macrofungal species. 
 Identify and quantify metabolites of the mentioned classes (AA, FA and sterols) in 
several mushrooms species, some of which have been analysed in the present 
work for the first time. 
 Apply the “non-targeted analysis”, through multivariate statistical methods, to 
explore the metabolic pattern achieved with this technique, as it contains more 
compounds than those belonging to the referred classes and some of which can 
have chemotaxonomical potential. 
 
B.   The application of a HS-SPME/GC-MS methodology to study volatile 
profiles of mushrooms. 
According to the purpose of this investigation, volatiles are important candidate 
compounds to distinguish edible from toxic mushrooms as they are fulcral SM 
participating to the specific aroma of each mushroom species. In agreement with that, 
there must be some volatiles, even present in low contents that may allow discrimination 
between edible and toxic species. Animals, whose olfaction is usually more developed 
than that of the humans, “use” this characteristic of volatiles (aroma) to choose which 
mushrooms may or may not be eaten. 
Although the volatile composition of mushrooms is unquestionably widely studied, its 
analysis through a non-targeted approach, i.e. metabolic fingerprinting, has never been 
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used and this seems to be a good strategy to achieve the goal of this research. Herein, 
the two objectives were: 
 To analyse data through an unsupervised statistical methodology in order to 
identify the most suitable metabolites to differentiate mushroom species. 
 To perform a supervised data analysis (edible mushrooms vs. toxic mushrooms), 
aiming to understand if there are significant similarities within each group and, if 
so, to identify the volatile molecules which are the most appropriated to 
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5. MATERIAL AND METHODS 
5.1 Mushroom samples 
Samples of 22 different wild mushroom species were collected in Trás-os-Montes and 
Douro Litoral regions – Table 5.1 and Figure 5.1. After being harvested, species were 
taxonomically identified according to several authors[80-83] and a representative voucher of 
each specimen was deposited at the herbarium of Escola Superior Agrária of Instituto 
Politécnico de Bragança.  
 
Table 5.1. Characterization of mushroom species. 
Code Species Edibility Origin Habitat Date of Collection 
AA Agrocybe aegerita (V. Brig.) Singer  Edible Porto Platanus x acerifolia Nov. 2011 
AC Amanita caesarea (Scop.) Pers. Edible Bragança Castanea sativa Sept. 2011 
AM Amanita muscaria (L.) Lam. Toxic Bragança Castanea sativa Dec. 2011 
AS Agaricus sylvicola (Vittad.) Perck Edible Bragança Meadow Nov. 2011 
AV Amanita vaginata (Bull.) Lam. Toxic
a,c,d
 Bragança Castanea sativa Oct. 2010 
BE Boletus edulis Bull. Edible Bragança Castanea sativa Sept. 2011 
CB Collybia butyracea (Bull.) P. Kumm. Edible Bragança Castanea sativa + Pinus pinaster Nov. 2011 
CD Clitocybe dealbata (Sowerby) P. Kumm. Toxic Bragança Castanea sativa + Pinus pinaster Nov. 2011 
HS Hebeloma sinapizans (Paulet) Gillet Toxic
a,c,e
 Bragança Castanea sativa + Pinus pinaster Nov. 2011 
LA Lactarius aurantiacus (Pers.) Gray Toxic
b
 Bragança Castanea sativa + Pinus pinaster Dec. 2011 
LC Lactarius controversus (Pers.) Pers. Toxic
a,c
 Bragança Castanea sativa + Pinus pinaster Oct. 2010 
LP Lycoperdon perlatum Pers. Edible Bragança Castanea sativa Nov. 2011 
MP Macrolepiota procera (Scop.) Singer Edible Bragança Castanea sativa Nov. 2011 
MR Mycena rosea Gramberg Toxic
a,f
 Bragança Castanea sativa + Pinus pinaster Nov. 2011 
RC Russula cyanoxantha (Schaeff.) Fr. Edible Bragança Castanea sativa Oct. 2010 
RD Russula delica Fr. Edible Bragança Castanea sativa Oct. 2010 
RL Rhizopogon luteolus Fr. Toxic
b
 Bragança Castanea sativa + Pinus pinaster Dec. 2011 
SB Suillus bovinus (Pers.) Roussel Edible Bragança Pinus pinaster Dec. 2011 
SI Sarcodon imbricatus (L.) P. Karst. Edible Bragança Pinus pinaster Nov. 2011 
TA Tricholoma acerbum (Bull.) Vent. Toxic
a, c
 Bragança Castanea sativa Nov. 2011 
TE Tricholoma equestre (L.) P. Kumm. Toxic Bragança Pinus pinaster Dec. 2011 
TP Tricholoma portentosum (L.) P. Kumm. Edible Bragança Castanea sativa + Pinus pinaster Dec. 2011 
a
 Suspected to be toxic – Considered toxic to comparison purposes; 
b
 Edibility/Toxicity unknown – Considered toxic to comparison 
purposes; 
c
 It is suspected that causes gastrointestinal disorders; 
d
 It is suspected that causes haemolytic disorders; 
e
 May have 
cytotoxic cucurbitacins: 
f
 It is suspected to contain the toxin muscarine 
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Figure 5.1. Some of the mushrooms collected and analysed in this work: (A) Amanita caesarea 
(Scop.) Pers.; (B) Agaricus sylvicola (Vittad.) Perck; (C) Lycoperdon perlatum Pers.; (D) Mycena 
rosea Gramberg; (E) Sarcodon imbricatus (L.) P. Karst.; and (F) Tricholoma equestre (L.) P. 
Kumm.. (Source: Author’s own file; Images are not to scale) 
 
The fresh species were cleaned and fragmented into small pieces. Then, 5g of each 
sample were put into a 20 ml vial kept which was cap-sealed. Prepared mushroom 
samples were frozen at -20 ±1ºC until HS-SPME/GC-MS analysis. Some species 
collected in 2010 were already frozen when this work started, for that reason their volatile 
profiles were not studied.  
The remaining of each mushroom was frozen at – 20ºC until lyophilisation. Lyophilized 
samples were powdered and screened through a 910 µm fine sieve before being stored in 
hermetically sealed bags. These samples were used for the AA, FA and sterols GC-MS 
analysis. 
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5.2 Standards 
Reference compounds for the multi-target experiment were purchased from two 
suppliers: alanine (≥98%), asparagine (≥98%), aspartic acid (≥98%), cysteine (≥98%), 
glutamic acid (≥98%), glutamine (≥98%), glycine (≥99%), histidine (≥98%), trans-4-
hydroxyproline (≥98%), isoleucine (≥98%), leucine (≥98%), lysine (≥98%), methionine 
(≥98%), phenylalanine (≥98%), proline (≥99%), serine (≥99%), threonine (≥98%), 
tryptophan (≥98%), tyrosine (≥98%), valine (≥98%), norvalina (≥99%), arachic (≥97%), 
arachidonic (≥99%), capric (≥99%), docosahexaenoic (DHA) (≥98%), 5,8,11,14,17-
eicosapentaenoic (EPA) (≥99%) gondoic (≥99%), lauric (≥95%), margaric (≥98%), linoleic 
(≥99%), linolenic (≥99%)  myristic (≥99%), oleic (≥99%), palmitic (≥99%), pelargic (≥99%), 
pentadecyclic (≥99%) and stearic acids (≥99%), as well as methyl linolelaidate (≥99%), β-
cholestanol (≥99%), cholesterilene (≥95%), cholesterol (≥95%), ergosterol (≥95%), 
fucosterol (≥95%), β-sitosterol (≥97%), desmosterol (≥85%), and N-methyl-N-
(trimethylsilyl) trifluoroacetamide (MSTFA) were obtained from Sigma (St. Louis, MO, 
USA); and absolute ethanol (≥99.9%) was obtained from Carlo Erba Reagents (Milan, 
Italy). 
For volatile profiling, the reference compounds were obtained from Sigma (St. Louis, 
MO, USA) – trans-2-octenal, trans-2-octen-1-ol and linalool; and from SAFC (Steinheim, 
Germany) – 1-octen-3-ol, 3-octanol and 3-octanone. 
 
5.3 Preparation of standard solutions 
For multi-target experiment stock solutions of amino acids, fatty acids, sterols and 
internal standards (IS) – norvaline, methyl linolelaidate and desmosterol, were prepared 
individually in absolute ethanol and kept at -20 ±1ºC until analysis. 
The stock solutions of volatile standards were prepared individually in deionized water 
and kept at 4ºC ±1ºC until analysis. 
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5.4 Methodology 
 Multi-target experiment 5.4.1
5.4.1.1 Metabolites extraction  
Trimethylsilyl (TMS) derivatives were analysed as described by Pereira et al.[84], with 
some modifications: 100.00 ± 2.00 mg aliquots of samples were transferred to a glass vial 
and the internal standards were added 80 µL of norvaline (0.30 mg/mL), 20 µL of methyl 
linolelaidate (10.00 mg/mL), and 80 µL of desmosterol (2.00 mg/mL). The volume was 
then completed to 2.00 mL with absolute ethanol. Samples were vortexed for 1 min and 
then filtered through a 0.45 µm membrane (Millipore). An aliquot of 50 μL of extract was 
transferred to a glass vial, the solvent was then evaporated under nitrogen stream, and 
50 μL of the derivatization reagent MSTFA was added to the dried residue. The vial was 
capped, vortexed and heated for 20 min in a dry block heater maintained at 40 ºC. All 
analysis was performed in triplicate. 
 
 
Figure 5.2. Schematic representation of the extraction and derivatization procedure used in multi-
target experiment. 
 
5.4.1.2 Gas Chromatography-Ion Trap-Mass Spectrometry Analysis 
GC–MS analysis was performed with a Varian CP-3800 gas chromatograph coupled to 
a Varian Saturn 4000 mass selective detector and a Saturn GC/MS workstation software 
version 6.8. A VF-5MS (30 m x 0.25 mm x 0.25 µm) column (VARIAN) was used. A 
Weighing of 100.00 
± 2.00 mg of 
mushroom powder 




Addition of ethanol 
absolute until 2.00 
ml and vortexing for 
1 min 
Filtration through a 
0.45µm membrane 
Transference of 
50µL to a vial and 
solvent evaporation 
under N2 stream  
Addition of 50µL of 
MSTFA and 
derivatization at 
40ºC for 20min 
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CombiPAL automatic autosampler (Varian, Palo Alto, CA) was used for all experiments. 
The injector port was heated to 250 ºC. Injections were performed in split mode, with a 
ratio of 1/40. The carrier gas was helium C-60 (Gasin, Portugal), at a constant flow of 1 
ml/min. The oven temperature was set at 100 ºC for 1 min then increasing 20 ºC/min to 
250 ºC held for 2 min, 10 ºC/min to 300 ºC and held for 10 min. All mass spectra were 
acquired in EI mode. Ionization was maintained off during the first 4 min to avoid solvent 
overloading. The ion trap detector was set as follows: transfer line, manifold and trap 
temperatures were 280, 50, and 180 ºC, respectively. The mass ranged from 50 to 600 
m/z. with a scan rate of 6 scan/s. The emission current was 50 µA and the electron 
multiplier was set in relative mode to auto-tune procedure. The maximum ionization time 
was 25.000 µs, with an ionization storage level of 35 m/z. The injection volume for was 2 
µL and the analysis was performed in Full Scan mode. 
 
 Volatile profiling experiment 5.4.2
5.4.2.1 SPME fibers 
Several commercial fibers can be used to extract volatile compounds. According to 
supplier recommendations and previous experiments, the fiber chosen was coated with 
divinylbenzene/polydimethylsiloxane (DVB/PDMS), 65µm. 
5.4.2.2 HS-SPME extraction and Gas Chromatography-Ion Trap-Mass Spectrometry 
Analysis 
Previous to HS-SPME extraction, mushroom samples were unfrozen for 10 min at 
room temperature.  
HS-SPME extraction was performed with CombiPAL automatic autosampler (Varian, 
Palo Alto, CA). In pre-incubation, samples were stirred at 500 rpm for 5 min at 60ºC.  
Then the fiber was exposed to headspace for 45 min (250 rpm, 60ºC). Afterward, the fiber 
was pulled into the needle sheath, the SPME device was removed from the vial and 
inserted into the injection port of GC system for thermal desorption.  After 4 min, the fiber 
was removed and conditioned for 10 min at 250ºC. 
GC–MS analysis was performed with a Varian CP-3800 gas chromatograph coupled to 
a Varian Saturn 4000 mass selective detector and a Saturn GC/MS workstation software 
version 6.8. A VF-5MS (30 m x 0.25 mm x 0.25 µm) column (VARIAN) was used. The 
injector port was heated to 220 ºC. The injections were performed in splitless mode. The 
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carrier gas was helium C-60 (Gasin, Portugal), at a constant flow of 1 ml/min. The oven 
temperature was set at 40 ºC for 1 min. then increased at 5 ºC/min to 250 ºC held for 20 
min. All mass spectra were acquired in EI mode. Ionization was maintained off during the 
first minute. The ion trap detector was set as follows: transfer line, manifold and trap 
temperatures were 280, 50, and 180 ºC, respectively. The mass ranged from 50 to 600 
m/z with a scan rate of 6 scan/s. The emission current was 50 µA. and the electron 
multiplier was set in relative mode to auto tune procedure. The maximum ionization time 
was 25.000 µs, with an ionization storage level of 35 m/z. Analysis were performed in Full 
Scan mode. 
 
5.5 Data analysis 
 Multi-target experiment 5.5.1
Two different approaches were used to analyse chromatographic data: targeted and 
non-targeted approaches. 
In targeted approach, profiles of three classes of compounds were studied - AA, FA 
and sterols. The identification of such compounds was achieved by comparison of their 
retention times and mass spectra with those from pure standards analysed under the 
same conditions, and from NIST05 MS Library Database, respectively. For quantification 
and comparison purposes, each sample was injected in triplicate and the amount of 
metabolites present in samples was achieved from the calibration curves of the respective 
full scan TMS standards. The linoleic and oleic acids were quantified using the diagnostic 
ions m/z 262, 337 and 352 and m/z 264, 339 and 354, respectively. Then, the evaluation 
of statistical significance was performed by ANOVA, followed by Tukey’s HSD test. The 
level of significance was set at p < 0.05 (95% statistical confidence level). The principal 
component analysis (PCA) of quantified metabolites was also performed. This analysis 
was carried out using SPSS software, version 20.0 (IBM corporation, NY, U.S.A.). 
In non-targeted approach, raw chromatograms were imported to Excel for manual 
spectral alignment. The main objective of this procedure is to correct small differences in 
retention times (Figure 5.3). Then, chromatograms were normalized by the IS 
desmosterol, through division of the intensity of each scan (expressed as kcount) by the 
intensity of the higher desmosterol scan, i.e., the intensity of each data point (scan) was 
converted to a ratio of “scan intensity”/”intensity of desmosterol high intense scan”. After 
normalization, data were submitted to multivariate analysis, namely, PCA and partial least 
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square discriminant analysis (PLS-DA). Those statistical analysis were performed using 
The Unscrambler X version 10 (Camo Software, Oslo, Norway). 
 
 
Figure 5.3.  Some differences in retention times of alanine in some mushroom species. Black: CB; 
green: MP; blue: LC; red: RC. 
 
 Volatile profiling experiment 5.5.2
 Volatile compounds were identified in samples by comparing the retention times of the 
chromatographic peaks with those of authentic standards analysed in the same condition, 
and also by comparison of MS fragmentation patterns with those of pure compounds and 
with the  mass spectra present in the NIST05 MS Library Database.  
A non-targeted approach was used to compare the volatile profiles of mushroom 
samples. Raw chromatograms were imported to Excel for manual spectral alignment. 
Then, chromatograms were normalized through division of intensity of each scan 
(expressed as kcount) by the sum of intensities of all scans, i.e., the intensity of each data 
point (scan) was converted to a ratio of “scan intensity”/“sum of scan intensities”.  After 
normalization, data were submitted to multivariate analysis, namely, PCA and PLS-DA. 
Those statistical analyses were performed using The Unscrambler X version 10 (Camo 
Software, Oslo, Norway). 
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6. RESULTS AND DISCUSSION 
6.1 Multi-target experiment 
The previous established multi-target method for the identification and quantification of 
AA, FA an sterols[84] was successfully applied to all 22 mushrooms species. Despite 
[85]AA, FA and sterols compositions were already studied for several mushroom species[8, 
50, 86-88], no reference has been found in literature in which these compounds were studied 
thru a single multi-target methodology.  Furthermore, to our best knowledge this is the first 
time that these compounds were studied in some toxic species. 
 
 Targeted approach: AA, FA and Sterols profiling 6.1.1
The applied extraction and derivatization procedure allowed the quantification of 21 
compounds in mushroom samples– 9 AA, 11 FA and 1 sterol. 
It was possible to identify 13 AA, all previously reported in mushrooms[9, 39, 86, 89], and 
among them 9 were quantified (Table 6.1) and 4 other were identified but not quantified - 
glutamic acid, methionine, L-tyrosine and tryptophan. The average total of free AA content 
in mushroom species was 318.72 mg/100g of fresh weight (fw). MP and BE were the 
species with higher free AA content (819.13 and 788.94 mg/100g fw, respectively), in the 
other hand, RL was the specie with the lowest contents (26.92 mg/100g fw). In previous 
works, BE was also described as the species with the highest AA content among groups 
of 3[90], 10[91] and 11[8] mushrooms species. Regarding AA contents, alanine, being 
reported as one of the main AA in mushrooms[8, 86, 92], was, as expected, present in high 
amounts (213.67 mg/100g fw). On the other hand, proline was the AA present in small 
amounts (6.53 mg/100g fw). Although there were statistically significant differences 
among all compounds, through Tukey’s HSD it was possible to observe that the mean 
amount of glycine in BE was significantly different from the quantities in all other species. 
The same occurs with the concentration of valine in LC and the quantity of serine and 
threonine in MP species. It was found in literature that BE was also the species with high 
glycine content in two other studies concerning 3[90] and 11[8] mushrooms specimens, and 
in the first one the higher amount of glycine in BE were statistically different too.  
FA are among the most widely studied compounds in mushrooms with several 
publications available in literature.[47, 50, 93, 94]. In the presented work, 11 FA were identified 
(Table 6.2), and the total average among all the samples was 325.55 mg/100g fw. AM and 
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LC were the species that presented higher levels of FA (1479.69 and 1064.43 mg/100g 
fw, respectively) and BE, an edible specie, was the mushroom specie with the lowest FA 
content – 43.23 mg/100g fw. The high FA content in AM is due to the large quantity of 
Oleic acid (cis-9-octadecenoic acid [C18:1,n-9]) – 1172.44 mg/100g fw. This is in 
agreement with other studies reported in the literature.[43, 95] Indeed, oleic and palmitic 
(hexadecanoic acid [C16:0]) acids were the main FA, with an average content of 151.05 
and 112.06 mg/100g fw, which is also in agreement with literature reports.[50, 89, 92]. On the 
other hand, margaric acid (heptadecanoic acid [C17:0]) was only present in small 
amounts (2.19 mg/100g fw). Moreover, linoleic acid (cis,cis-9,12-octadecadienoic acid 
[C18:2,n-6]), which in other studies were reported as the FA present in higher amounts[50, 
92, 96], was one of the compounds with lower level (8.31 mg/100g fw). Statistical analysis 
showed, as previously found for AA, that there were statistically significant differences 
among all compounds. Moreover, Tukey’s HSD test revealed that the amount of myristic 
acid (tetradecanoic acid [C14:0]) in AC was distinct from the quantities found in all the 
other macrofungal species. The same occurred with the higher values of pentadecylic acid 
(pentadecanoic acid [C15:0]) in TE and the higher concentrations of stearic acid 
(octadecanoic acid [C18:0]) and, as mentioned before, oleic acid in AM. Furthermore, AM 
higher FA content is also statistically different from the values obtained in all other 
species. 
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AA 109.33 (27.43) nd 15.11 (7.39) 4.16 (0.71) 14.73 (3.99) 3.63 (0.72) 2.82 (1.83) 2.63 (0.48) nd 166.09 (13.02) 
AC 169.21 (0.57) 13.31 (3.01) 12.08 (1.73) 34.11 (8.49) 17.19 (1.45) 9.41 (1.62) 12.80 (2.54) 9.80 (1.60) nd 292.70 (22.00) 
AM 118.14 (12.11) 19.62 (9.63) 7.79   (1.85) 28.15 (6.41) 5.80 (0.92) 3.35 (1.26) 5.14 (0.32) 4.95 (1.24) 34.00 (10.11) 225.21 (22.27) 
AS 346.78 (7.18) 1.75 (1.45) 22.21 (4.27) 23.16 (2.93) 35.02 (4.89) 20.24 (14.29) 21.23 (8.80) 11.05 (0.63) 33.28 (4.14) 514.12 (35.31) 
AV 124.39 (0.52) 2.20 (1.11) 19.28 (2.16) 34.31 (2.54) 20.09 (2.09) 2.55 (0.63) 3.36 (1.73) 3.82 (0.91) 26.07 (5.48) 248.50 (32.15) 
BE 503.09 (5.67) 56.27 (6.93) 25.67 (4.96) 55.16 (14.55) 26.55 (7.85) 12.22 (4.88) 53.79 (27.84) 30.10 (12.47) 45.34 (6.74) 788.94 (90.30) 
CB 209.38 (13.56) 1.09 (0.28) 16.25 (1.86) 8.35 (0.87) 20.02 (2.20) 5.61 (0.70) 21.67 (0.84) 12.56 (0.42) 15.98 (1.56) 312.39 (21.32) 
CD 152.61 (31.85) nd 2.42   (0.20) 3.10 (0.38) 4.66 (2.65) 2.65 (0.43) 14.93 (3.88) 8.13 (1.55) 11.19 (0.40) 202.23 (3705) 
HS 117.3 (27.43) 2.36 (0.67) 3.78   (0.52) 4.55 (0.33) 6.43 (0.81) 2.93 (0.17) 7.10 (1.40) 2.71 (0.08) 19.8 (0.93) 166.98 (29.95) 
LA 283.01 (13.46) nd 4.95 (1.12) 3.53 (0.06) 3.09 (0.23) 3.74 (0.19) 24.73 (6.20) 7.09 (0.56) 9.89 (2.04) 339.73 (11.13) 
LC 180.96 (1.80) 35.39 (2.52) 53.63 (13.12) 63.11 (6.37) 35.57 (4.80) 11.04 (6.64) 18.99 (4.84) nd 61.28 (6.67) 488.10 (99.84) 
LP 176.99 (15.43) 4.58 (1.84) 8.77   (1.63) 6.57 (1.26) 14.96 (1.55) 12.60 (0.98) 50.38 (6.74) 18.44 (0.84) 24.40 (5.01) 315.98 (33.25) 
MP 677.4 (66.92) 17.16 (5.91) 15.97 (3.25) 8.47 (2.29) 14.70 (3.57) 11.74 (5.21) 118.92 (17.65) 43.64 (5.74) 11.92 (1.67) 819.13 (40.20) 
MR 76.45 (8.75) 2.16 (1.34) 3.89   (0.43) 7.32 (0.59) 6.43 (0.25) 3.53 (0.52) 6.48 (0.65) 6.02 (0.85) 13.85 (1.58) 123.99 (15.10) 
RC 190.16 (15.01) 6.38 (2.77) 33.22 (2.84) 53.70 (5.00) 39.93 (5.10) 7.71 (2.74) 7.34 (4.00) 10.04 (3.85) 48.10 (5.02) 381.44 (5.52) 
RD 89.96 (8.33) 2.80 (2.08) 6.28   (0.27) 25.58 (5.40) 9.12 (0.25) 4.45 (1.47) 12.93 (1.35) 7.73 (0.64) 28.89 (3.91) 183.44 (13.99) 
RL 15.95 (2.96) nd nd 0.99 (0.07) nd nd 2.75 (0.23) 1.39 (0.21) 5.84 (0.26) 26.92 (3.57) 
SB 579.95 (40.86) nd 13.71 (2.62) 5.80 (1.19) 3.53 (2.62) nd nd 5.53 (1.05) 48.71 (3.18) 656.07 (43.10) 
SI 114.36 (7.13)  nd 1.27   (0.68) 2.66 (0.28) 4.68 (0.85) 2.18 (0.22) 13.81 (4.35) 3.08 (0.89) 10.58 (0.10) 138.45 (11.17) 
TA 85.85 (7.83) nd 3.21   (0.24) 12.88 (1.61) 6.59 (0.30) 2.42 (0.04) nd 8.69 (0.72) 6.60 (1.56) 124.04 (8.93) 
TE 289.60 (12.92) 1.82 (0.01) 8.10   (0.12) 9.01 (0.46) 13.95 (0.90) 6.32 (1.32) 15.12 (1.62) 5.80 (0.76) 12.37 (0.21) 363.47 (11.72) 
TP 89.9 (34.07) nd 2.02   (1.48) 13.53 (1.30) 2.84 (1.48) 2.19 (0.18) nd 2.48 (0.45) 7.28 (0.54) 133.76 (10.01) 
Average 
Total 




 Results are expressed as mean (standard deviation) of three determinations ; 
2
 Mean of total AA of three determinations (data not showed); 
3
 Mean of Totals (values in the same column)   
nd – not detected; Ala – alanine; Gly – glycine; Val – valine; Leu – leucine; Ile – isoleucine; Pro – proline; Ser – serine; Thr – threonine; Phe – phenylalanine 
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Lau      
(C12:0) 
[6,81 min] 
Myr    
(C14:0) 
[7,89 min] 
Pen    
(C15:0) 
[8,39 min] 
Pal         
(C16:0) 
[8,91 min] 
Mar   
(C17:0) 
[9,49 min] 
Lin    
(C18:2,n-6) 
 [9,95 min] 
Ole       
(C18:1,n-9) 
[10,01 min] 
Ste        
(C18:0) 
[10,14 min] 






AA nd nd 6.57 (1.83) 54.98 (0.00) nd 88.72 (13.98) 2.13 (0.71) 6.58 (0.86) 24.37 (6.55) 14.25 (7.59) nd 154.41 (23.40) 
AC 4.48 (0.56) 0.52 (0.00) 30.71 (12.50) 93.17 (7.86) nd 237.56 (56.11) 3.52 (2.69) 5.42 (0.12) 41.24 (5.90) 132.41 (23.41) 2.73 (1.91) 516.66 (20.65) 
AM nd 0.50 (0.01) nd nd nd 178.08 (14.24) nd 5.82 (0.37) 1172.44 (51.05) 131.44 (6.24) 11.53 (0.69) 1479.69 (10.46) 
AS nd nd nd nd 7.22 (0.12) 93.48 (8.06) 2.65 (0.28) 12.08 (2.62) nd 22.53 (3.38) nd 135.55 (10.13) 
AV 4.12 (0.14) 0.61 (0.17) 14.49 (1.05) nd nd 191.20 (2.35) 1.57 (0.11) 5.88 (0.17) nd 67.75 (2.46) nd 283.94 (4.83) 
BE 4.52 (0.52) 0.48 (0.00) nd nd nd 28.26 (0.85) 1.74 (0.21) 5.03 (0.09) nd 4.86 (0.43) nd 43.23 (2.68) 
CB nd nd nd nd nd 63.84 (9.62) 2.11 (0.04) 10.82 (0.10) 26.89 (1.75) 39.50 (3.15) nd 140.07 (11.08) 
CD nd nd 5.12 (0.01) nd nd 48.21 (14.53) 1.78 (0.36) 6.39 (0.12) 19.15 (9.52) 17.66 (7.27) nd 106.77 (15.47) 
HS 5.62 (0.59) 4.18 (0.78) 5.47 (0.45) nd nd 88.84 (24.72) 1.88 (0.20) 23.90 (9.00) 83.62 (21.17) 33.68 (5.59) nd 176.56 (12.56) 
LA nd nd 6.40 (1.64) nd nd 50.71 (0.60) nd 8.04 (0.29) 50.94 (5.96) 64.01 (2.92) nd 182.16 (5.37) 
LC nd 0.69 (0.14) 29.62 (1.63) nd nd 285.75 (27.63) nd 8.44 (1.52) 270.44 (31.52) 457.36 (15.79) 12.12 (1.17) 1064.43 (56.92) 
LP nd nd 5.28 (0.48) nd nd 52.55 (9.85) 2.26 (0.39) 7.19 (0.03) 10.13 (4.49) 14.69 (8.53) nd 84.07 (25.61) 
MP 4.54 (0.52) nd 6.12 (0.57) nd 9.32 (3.32) 148.19 (35.46) 2.90 (0.49) 12.78 (2.66) 45.77 (6.44) 28.91 (4.75) nd 242.48 (19.72) 
MR 7.68 (2.05) 4.16 (0.45) 5.73 (0.51) nd 2.54 (0.22) 112.74 (26.90) 1.62 (0.11) 10.91 (3.12) 68.06 (29.43) 58.65 (8.15) nd 218.93 (12.31) 
RC 4.09 (0.08) 0.55 (0.02) 14.45 (1.21) nd nd 201.83 (36.22) nd 5.61 (0.46) 320.46 (50.21) 91.77 (8.30) nd 684.65 (3.78) 
RD 4.16 (0.21) 0.56 (0.03) 11.48 (0.34) nd nd 188.43 (46.12) 1.87 (0.00) 5.21 (0.12) 335.32 (100.75) 199.67 (23.41) nd 678.90 (35.75) 
RL 5.32 (1.25) 3.81 (0.20) 5.17 (0.15) nd 5.06 (0.50) 51.78 (7.83) 1.56 (0.05) 6.85 (0.91) 25.72 (10.06) 11.54 (1.09) 5.28 (0.28) 93.92 (6.01) 
SB nd nd nd nd nd 44.70 (10.11) 1.81 (0.14) 5.57 (0.00) 29.00 (7.22) 16.97 (4.91) nd 97.43 (21.77) 
SI nd nd nd nd nd 68.62 (6.32) 1.92 (0.14) 6.40 (0.38) 32.79 (7.74) 22.91 (0.83) nd 123.56 (19.92) 
TA nd nd 5.14 (0.19) nd nd 103.56 (13.00) 4.05 (0.30) 5.58 (0.38) 190.42 (2.82) 70.86 (4.81) nd 281.62 (87.77) 
TE nd nd 5.32 (0.07) nd 26.57 (1.06) 72.36 (5.93) 2.41 (0.21) 12.78 (0.91) 84.15 (9.26) 43.06 (1.62) nd 246.66 (11.03) 
TP nd nd 5.47 (0.23) nd nd 65.89 (4.59) 1.62 (0.09) 5.56 (0.11) 39.08 (1.95) 24.78 (2.59) nd 126.35 (28.06) 
Average 
Total 





 Results are expressed as mean (standard deviation) of three determinations ; 
2
 Mean of total FA of three determinations (data not showed); 
3
 Mean of Totals (values in the same column)   
nd – not detected; Pel – pelargic ac.; Cap – capric ac.; Lau – lauric ac.; Myr – myristic ac.; Pen – pentadecylic ac.; Pal – palmitic ac.; Mar – Margaric ac.; Lin – linoleic ac.; Ole – Oleic ac.; Ste – stearic ac.; Ara – arachidonic ac. 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 
analysis in toxic and edible mushrooms 
40 
Concerning sterols, only ergosterol (ergosta-5,7,22-trien-3β-ol), the main sterol in 
several mushrooms[85],  was identified and quantified – Table 6.3. Esgosterol, the 
vitamin D2 precursor, was identified in all samples, except in RC, with an average 
content of 213.67 mg/100g fw and was present in higher amount in AV species (240.47 
mg/100g fw). Other sterol-like compounds were also present in almost all species and 
by comparison with literature database one of them was tentatively identified as 
fungisterol, as it showed intense ions at m/z 255 and 472.[85] 
 









AA 50.13 (6.43) 
AC 137.23 (6.69) 
AM 78.61 (5.95) 
AS 145.40 (15.05) 
AV 240.47 (12.18) 
BE 122.51 (6.09) 
CB 81.76 (6.60) 
CD 95.81 (8.21) 
HS 107.46 (6.98) 
LA 86.60 (1.04) 
LC 58.57 (11.41) 
LP 79.39 (14.80) 
MP 191.26 (21.35) 
MR 32.76 (2.60) 
RC nd 
RD 16.88 (0.72) 
RL 92.87 (3.53) 
SB 122.53 (9.50) 
SI 159.73 (34.22) 
TA 87.65 (4.76) 
TE 22.08 (0.74) 
TP 125.26 (4.00) 
Average Total 213.67 (16.00) 
1
 Results are expressed as mean (standard 
deviation) of three determinations 
nd – not detected 
 
A PCA of quantitative results of AA, FA and sterols was performed (Figure 6.1) in 
order to understand the relevant compounds in each mushroom species. In this PCA 
some compounds were not utilized in order to improve the variance explained – 
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approximately 60%. The main conclusions obtained from the integrated analysis of 
quantifications (Table 6.1 and 6.2) and PCA are: 1) BE and MP species was 
characterized by the higher amounts of Ala, Ser, Pro and Thr; 2) AC, AM, AV and RD 
species was characterized by their high levels of FA and presented lower levels of AA; 
3) RC species was characterized by its high amounts of Leu, Phe and Val as well as 
palmitic acid; 4) LC presented higher amounts of both AA and FA; 5) CB, LP, SE and 
TE species are characterized by their low contents in FA (mainly positive Factor 1 and 
negative Factor 2) as they are in the opposite position of such compounds (negative 
Factor 1 and positive Factor 2); 6) The species projected in negative axis of both 
Factors are characterized by their low amounts of AA which are in the opposite 
position, i.e. positive axis of the two Factors. 
 
 
Figure 6.1. Scores plot resulting from PCA of mushrooms‘ AA, FA and sterols quantification 
data. The species are represented by blue dots and their codes and metabolites are 
represented by red dots and it their abbreviations.  
 
Despite the fact that in certain species the levels of some AA and FA differ 
significantly from all other specimens (e.g. serine in BE and oleic acid in AM), the use 
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of those compounds as biomarkers is not recommended, as they are primary 
metabolites which exist in almost species and their amounts are dependent on different 
variables (environmental conditions, growth stage, etc.)[43]. Nevertheless they are 
important molecules in biosynthetic process, which can be indicators of synthetic 
pathways that can occur in some species and not in other. 
 
 Non-targeted approach: multivariate analysis  6.1.2
In addition to the three compound classes referred, this multi-target procedure also 
results in the extraction and derivatization of several other metabolites, such as sugar-
like compounds (Figure 6.2), since the derivatization reagent used (MSTFA) reacts with 
other different metabolites from different classes[84]. Thus, it seems important to 
analyse those results through a non-targeted approach, in order to explore if there 




Figure 6.2. GC-MS chromatogram resulting from the AA, FA, and sterols extraction 
procedure in Clitocybe dealbata (Sowerby) P. Kumm.species. The boxes correspond to amino 
acids (red), sugar-like compounds (green), fatty acids (blue) and sterol-like compounds (purple) 
regions. 
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After chromatograms pre-processing (peak alignment and normalization), the 
resulting data were submitted to two different statistical tools: PCA and PLS-DA. 
PCA analysis was used to verify if there are discriminating metabolites among 
mushroom species. In samples scores plot presented in Figure 6.3, principal 
component 1 (PC1) and principal component 2 (PC2) have a discriminant power of 64 
and 8%, respectively, explaining more than 70% of variance. Sample distribution in the 
PC1 vs. PC2 space (Figure 6.3), shows a cluster which includes almost all species. SB 
and AM species were those which were out from cluster, and showed distinct 
projections in PC1 and PC2 axis, respectively. The recognition of peaks responsible for 
distribution among axes can be done analysing the loadings of the singular value 
decomposition analysis of those components (Figure 6.4). 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted analysis in toxic and edible mushrooms 
44 
 
Figure 6.3. Scores plot resulting from PCA of mushrooms‘ data resulting from the multi-target experiment. AM and SB species, which are apart from the 
main cluster, are flagged with the green and red boxes, respectively.  
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Figure 6.4. Loadings plots corresponding to PC1 (A) and PC2 (B) resulting from PCA of 
multi-target experiment data. The annotations correspond to peaks selected to further analysis 
and identification.  
 
Peaks labelled in Figure 6.4 were found in almost species and were tentatively 
identified through NIST05 MS Library Database – Table 6.4. Thus, (PC1-1) and (PC1-
2) presented 5- and 6-carbon sugar alcohol structures, respectively. According to 
NIST05 MS Library Database, (PC1-1) and (PC1-2) were identified as being one of two 
isomers: xylitol or adonitol and sorbitol or mannitol, respectively. Indeed, xylitol and 
sorbitol were previously identified in a mushroom species from northern Thailand[97] 
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mushrooms, as it is present in several species[97-100]. PC2 loadings tentatively 
identified, (PC2-1) and (PC2-2), proved to be monosaccharides with 6-carbon 
skeletons. However, it was not possible to understand if those compounds correspond 
to the open-chain or the cyclic structures neither to identify the kind isomer (galacto-, 
gluco-, manno-, etc.). As this part of the study aims to understand the applicability and 
potential of this metabolomic approach on data analysis for mushrooms 
identification/discrimination, a detailed identification of unknown compounds were not 
performed. 
 
Table 6.4. Tentative identification of the main loadings of PC1 and PC2 resulting from the 













except AC, AM 
and AV 
73 (1); 217 (0.70);  129 
(0.36); 147 (0.35); 243 (0.27); 
103 (0.23); 117 (0.16) 205 
(0.16); 319 (0.10) 
5-Carbon sugar 
alcohol 
Xylitol [1739] or 
adonitol [1756] 
PC1-2 8,18 All species 
73 (1); 147 (0.52); 217 (0.39); 
205 (0.32); 319 (0.25); 117 
(0.18); 157 (0.13); 103 (0.12) 
6-Carbon sugar 
alcohol 





73 (1); 204 (0.82); 191 (0.38); 
147 (0.29); 217 (0.17); 205 




PC2-2 8,38 All species 
73 (1); 204 (0.67); 191 (0.37); 
117 (0.30); 147 (0.26); 75 





* Kovats Index presented by NIST05 MS Library Database  for a VF-5MS column, or similar 
 
 
The ratios “metabolite peak area/desmosterol peak area” (quantification ratios) were 
obtained for those metabolites and ANOVA of that data revealed that there were 
statistical differences among species. Indeed, in agreement with scores plot (Figure 
6.3), the higher amounts of (PC1-1) and (PC1-2) sugar alcohols in SB and of (PC2-1) 
and (PC2-2) monosaccharides in AM were statistically different from the values in all 
other species. The bar charts presented on Figure 6.5, show the quantification ratios of 
the analysed PC1 and PC2 loadings in each mushroom species. Thus, based on those 
charts it is possible to infer that (PC1-1) metabolite, is the most promising compound to 
be a chemotaxonomical marker since it is the one that shows higher differences among 
species. All the others, despite that they showed statistical significant differences 
among species, presented smaller variations which indicates a lower discriminating 
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power. It is important to notice that metabolic synthesis is dependent on growth stage 
and abiotic conditions[43], and so the differences showed by (PC1-2), (PC2-1) and 
(PC2-2) could not exist if mushrooms were in different maturation stages and had 
grown under different abiotic conditions. The same postulated cannot be applied to 
(PC1-1) as this compound exhibited higher variability. However, it is obvious that 
several other studies are required to confirm the discrimination skills of this metabolite. 
 
 
Figure 6.5. Main loadings of PC1 and PC2 distribution among mushroom species subjected to 
multi-target experiment. Values represent mean ± SE of three replicates. 
 
A supervised statistical method (PLS-DA) was used in data analysis in order to 
understand if there were metabolite similarities within the edible and toxic groups of 
mushrooms which allow to discriminate those two groups – i.e. metabolites in common 
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within the edible species that differentiate them from the toxic species and the 
opposite. Results did not show clustering (data not shown) which reveals that there 
were no enough common features in edible species able to distinguish them from the 
toxic ones, i.e. the metabolite patterns of edible and toxic species are not discriminant 
among them. 
 
6.2 Volatile profiling experiment 
 Targeted approach: Main volatiles qualitative analysis 6.2.1
Mushrooms are known for their diversified composition on volatiles, which can 
include volatile carboxylic acids, alcohols, aldehydes, ketones, esters, phenols, 
lactones and terpenic compounds.[7, 15] Among the main volatiles responsible for 
mushroom flavour – aliphatic 8-carbon molecules[7, 15, 55, 100], 5 were selected to be 
studied in samples (1-octen-3-ol, 3-octanone, 3-octanol, trans-2-octenal, trans-2-octen-
1-ol). In addition, the presence of linalool (terpene alcohol) in mushrooms samples was 
also studied. 
The composition of selected volatiles in mushrooms species is presented in Table 
6.5.  
 

















AA - + + - + - 
AC + + + - -  
AM + + + - - - 
AS - - - - - - 
BE + - - + + - 
CB + + + + - - 
CD - + + - - + 
HS + + + + - + 
LA + + + - - - 
LP - + + + - - 
MP + + + + - - 
MR + + + - - + 
RL + + + - - - 
SB + + + - + - 
SI + + + + + + 
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TA + + + + + + 
TE + + - - - + 
TP + + - + - - 
+ Compound was identified in species; - Compound was not identified in species 
 
The results obtained are in agreement with the reports in literature, once 1-octen-3-
ol, 3-octanone and 3-octanol were the most common volatiles in mushroom species. 
Among these, 3-octanone was present in all mushrooms specimens, with exception to 
AS and BE. Indeed, 3-octanone was already been identified in BE species[15]. 
However, in a much more recent study, 3-octanone was not detected in a BE specimen 
collected in Bragança (Trás-os-Montes)[7], the same place where the samples for the 
present study were harvested. That difference is, probably, due to the fact that those 
specimens grew under different environmental conditions, which, as previously 
referred, influence the SM synthesis. 
AS, a species characterized by its sweet odour (reminiscent of anise or almonds) 
when young and fresh[101], was the specimen that presented the lowest volatile 
composition. Besides it present low contents in the main volatiles, its chromatogram 
(Figure 6.6) was characterized by the presence of a major peak. A search in NIST05 
MS Library Database, resulted in the identification of that compound as being 
benzaldehyde (almond-like odour), what meets the smell features of AS mushrooms. 
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Figure 6.6. GC-MS chromatogram resulting from the volatile profiling procedure in Agaricus 
sylvicola (Vittad.) Perck. species. 
 
1-Octen-3-ol, also known as “mushrooms alcohol”, has been reported as the main 
volatile responsible for the flavour of most mushrooms.[7, 92, 102] Indeed it was present in 
18 of the 22 mushroom specimens studied (Table 6.5), and was the main volatile in five 
of those species - AC, BE, HS, RL, SB and SI (data not showed).  
3-Octanol was also present in almost all samples, though it was not detected in 4 
species – AS, BE, TE and TP. Despite it was present in several specimens it was the 
main volatile compound in AA and CB species. As in the case of 3-octanone, 3-octanol 
was also previously reported in BE[15] and it was not detected in the samples of this 
species analysed in the present study. Once again, the differences in environmental 
conditions can be the reason of such results. 
The other volatile compounds, trans-2-octenal, trans-2-octen-1-ol and linalool, were 
identified in different species but they were less distributed among the species when 
compared to other molecules analysed. Nevertheless, linalool was found to be the 
main volatile in TA species. 
 
 Non-targeted approach: multivariate analysis  6.2.2
The 8-carbon molecules are present in several species, as presented in Table 6.5, 
and so they are not the most suitable metabolites to distinguish species. Therefore, to 
achieve that goal it is important to study other volatiles, namely those present in low 
amounts, as they can be more species-/genus-specific. Since the chromatograms of 
volatile profiles showed the presence of other compounds than those with an 8-carbon 
skeleton (Figure 6.7), a non-targeted analysis of the data obtained was performed in 
order to verify the existence of molecules which can have some chemotaxonomical 
value. 
As in the multi-target experiment, data resulting from chromatograms pre-processing 
(peak alignment and normalization), were submitted to an unsupervised analysis 
through two different statistical tools: PCA and PLS-DA. 
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Figure 6.7. GC-MS chromatograms resulting from the volatile profiling procedure in CB,CD 
and SI species, where it is possible to observe that there are several other volatiles than those 
with an 8-carbon skeleton – (1) 1-octen-3-ol; (2) 3-octanone; (3) 3-octanol; (4) trans-2-octen1-ol. 
 
PCA resulted in the samples scores plot presented in Figure 6.8, in which the 
principal component 1 (PC1) and principal component 2 (PC2) presented a 
discriminant power of 28 and 19%, respectively, explaining almost 50% of variance. In 
Figure 6.8 it is possible to observe that there are 3 species more isolated (flagged with 
coloured boxes), specifically BE and SB, which are ahead in PC1, and LP, which is 
detached in PC2. That apartness is due to the high amounts of 1-octen-3-ol and 3-
octanone in BE/SB and LP species, respectively, once the peaks of those compounds 
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Figure 6.8. Scores plot resulting from PCA of mushrooms’ volatile composition data. The species more isolated, i.e. BE, LP and SB, are flagged with the 
green, red and purple boxes, respectively.  
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Figure 6.9. Loadings plots corresponding to PC1 (A) and PC2 (B) resulting from PCA of 
volatile profiling experiment data. The peaks marked with a (PC1/1), (PC2/1) and (PC2/2) labels 
correspond to those selected to further analysis and identification. 
 
Besides 1-octen-3-ol and 3-octanone, there are 1 and 2 other volatiles marked in 
PC1 and PC2 loadings plot (Figure 6.9), respectively. Those were the molecules 
selected to be studied in order to understand their potential for species discrimination. 
They were tentatively identified through NIST05 MS Library Database (Table 6.6) and 
semi-quantified (Figure 6.10), i.e. a ratio “peak area”/”sum of scan intensities” was 
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Table 6.6. Tentative identification of the main loadings of PC1 and PC2 resulting from the 











AA, AM, CD, HS, 
LP, MR, SI and TA  
108
A
 (1); 81 (0.63); 79 (0.37); 
107 (0.32); 109 (0.31) 
Sesquiterpene 
δ-Guaiene [1505] or    
(+)-sativene [1405] 
PC2/1 14,55 LP 
43 (1); 39 (0,38); 99 (0.38); 41 






vinyl caproate [974] 
PC2/2 25,94 AA, CB and HS 
69 (1); 107 (0,96); 41 (0.88); 81 






* Kovats Index presented by NIST05 MS Library Database  for a VF-5MS column, or similar; 
A




 Figure 6.10. Main loadings of PC1 and PC2 distribution among mushroom species subjected 
to volatile profiling. Values represent mean ± SE of three replicates. 
 
According to NIST05 MS Library Database, (PC1/1) and (PC2/2) correspond to a 
sesquiterpene and a sesquiterpene alcohol, respectively. (PC1/1) was identified as 
being one of two compounds: δ-guaiene and (+)-sativene. Despite there were not 
found any reports of the existence of δ-guaiene in mushrooms, its isomers α-guaiene 
and β-guaiene were already described in mushrooms[15] and other fungal species[103], 
respectively. Thus, it is possible that some mushrooms, sharing a common ancestral 
metabolite biosynthetic pathway with those species, as a result of evolution specialized 
in the synthesis of that specific isomer. On the other hand, (+)-sativen was also already 
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described in mushrooms species, such as Fomitopsis pinicola (Swartz ex Fr.) Karst.[104] 
and Coprinus cinereus (Schaeff.) Gray[105]. Concerning (PC2/2), it was identified as 
trans-nerolidol, a sesquiterpene alcohol previously reported in mushrooms[7, 55, 106, 107]. 
(PC2/1) was identified as an ester of hexanoic acid (C6:0). Despite some esters of 
hexanoic acid were already described in mushrooms species, namely methyl[108] and 
ethyl hexanoate[7], the compounds identified as being the more probable by NIST05 
MS Library Database, i.e. allyl or  vinyl caproate, were not hitherto found in 
mushrooms. 
Besides the unequivocal identification of (PC2/1) was not possible, such compound 
seems to be a promising metabolite to species identification/distinguish, since it was 
only present in LP samples. This is in agreement with the scores plot (Figure 6.8), in 
which LP is the species more detached in PC2. The other loadings studied were 
present in few species (Table 6.4 and Figure 6.10) and among those an ANOVA 
revealed that there were statistical significant differences among those species. 
(PC1/1) showed better discrimination potential than (PC2/2) – Figure 6.10, since it 
presented a higher difference between the two most concentrated species (i.e. CD and 
TA, respectively) - approximated ratio of 27:1. 
The results of PLS-DA did not show clustering of edible neither toxic species (Figure 
6.11), i.e. there were not sufficient similarities among edible or toxic species to group 
them. Nevertheless, some of the loadings resulting from PLS-DA were studied (Figure 
6.12). The semi-quantification of those compounds revealed that they are only present 
in the toxic LA species and so they can be particular for the Lactarius Pers. genus or 
even more specific, existing only in the referred species. However, the identification of 
such compounds was not possible, since the identification’s probability presented by 
NIST05 MS Library Database for the suggested compounds were not significant.  On 
the other hand, the comparison of mass spectra of the different compounds revealed 
the fragment ions at m/z 105, 199, 214, 215 and 217 which are common to all the 
molecules and several other fragments are present in almost all of them (m/z 189 and 
232). These similarities indicate that those compounds can probably share a common 
structure and so they must came from the same biosynthetic pathway. Thus, it is 
possible that this pathway was a result from evolution and it is specific to certain 
mushrooms taxa, being an important tool for chemotaxonomy of such taxonomic 
groups. However, several other studies are required to confirm such hypothesis. 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted analysis in toxic and edible mushrooms 
56 
 
Figure 6.11. Scores plot resulting from PLS-DA of mushrooms’ volatile composition data. 
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Figure 6.12. Loadings plots corresponding to Factor 1resulting from PLS-DA of volatile profiling 
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In the present work a multi-target GC-MS methodology to identify and quantify several 
amino acids (AA), fatty acids (FA) and sterols was, to our best knowledge, applied for the 
first time in mushrooms species. It was the first time that the composition of such 
metabolites was studied in several toxic mushroom species. This method allowed the 
quantification of a total of 21 compounds – 9 AA, 11 FA and 1 sterol. Moreover, some 
other metabolites as sugar-like compounds were also analysed by this methodology. This 
indicates that, if pure standards are available and its calibration curves were obtained, this 
extraction and derivatization procedure allows the identification of a much large group of 
primary metabolites (PM). 
A non-targeted analysis was also carried through two different approaches: non-
supervised (PCA) and supervised (PLS-DA). The PCA results revealed that these 
metabolites do not have a high discriminant power. This result is not unexpected, as 
compounds extracted by this methodology are essentially PM, which are not the most 
suitable compounds for species discrimination. Nevertheless, it was possible to identify a 
compound that can be promising in species differentiation, once it was present in much 
higher amounts in SB samples. The supervised analysis (PLS-DA) did not separate edible 
from toxic mushrooms. Once again, the fact that the analysis focuses on PM is the main 
reason of such results, i.e. PM are common to all samples and therefore they are not 
suitable to discriminate species, even if the amounts of such compounds are different 
among species. 
It was also studied the volatile profile of mushroom species by using HS-SPME/GC-MS 
analysis. In targeted data analysis, the identification of main volatiles in mushroom 
species, i.e. 8-carbon skeleton compounds, was achieved and revealed that, as expected, 
1-octen-3-ol, 3-octanone and 3-octanol were the volatiles present in higher amounts in 
mushroom samples. 
The non-targeted analysis of volatiles composition data was done through two 
statistical tools: PCA (non-supervised) and PLS-DA (supervised). The analysis of some 
PCA loadings allowed the identification of three compounds, one of which was only 
present in LP species. On the other hand, PLS-DA showed that the volatile composition 
did not allow a clear separation between edible and toxic mushrooms. Despite that the 
species presented different volatile profiles, which are responsible for one of the most 
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distinctive features of mushrooms – smell, there were not many similarities among edible 
species neither between the toxic specimens. This means that there are not specific 
volatiles that allow predicting if a mushroom is edible or toxic. That conclusion does not 
contradict the hypothesis that animals “use” this characteristic of volatiles (smell) to 
choose which mushrooms may or may not be eaten. What is possible to conclude is that 
animals choose the mushrooms through the specific smell of each species instead of 
“using” an “universal smell”, once, as the results indicates, there are not one compound or 
even group of compounds which can reliably characterize the edibility of species. Despite 
the inefficiency to distinguish edible species from the toxic ones, the study of some PLS-
DA loadings was still performed and it allowed the detection of 5 related compounds that 
were specific to LA species.  
Finally, the main conclusion of this work is that metabolomics is an important strategy 
to identify species- genus-specific metabolites. In the present work it was possible to 
identify 7 candidates to chemotaxonomical markers: one PM present in higher amounts in 
SB samples, one SM specific to LP species and five other SM which were only detected in 
LA specimens. Further studies are required to confirm its uniqueness in the referred 
species as well as to understand their metabolic roles and origins.  
  
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 




1. Alexopoulos CJ, Mims CW, Blackwell M. Introductory mycology. 4th ed. New York: 
Wiley; 1996. 
2. Baptista PCS. Macrofungos associados à cultura de castanheiro: aspectos da sua 
biodiversidade e da interacção de Pisolithus tinctorius e Hypholoma fasciculare com 
raízes de Castanea sativa Mill. Tese de Doutoramento em Ciências: Escola de Ciências, 
Universidade do Minho; 2007. 
3. Kirk P, Cannon P, David J, Stalpers J.  Ainsworth & Bisby's Dictionary of the Fungi: 
CABI Bioscience; 2001. 
4. Dighton J. Fungi in ecosystem processes. New York: M. Dekker; 2003. Chapter 1, 
Introduction; p.1-24. 
5. Newbound M, McCarthy MA, Lebel T. Fungi and the urban environment: A review. 
Landscape and Urban Planning. 2010;96(3):138-45. 
6. Stamets P. Growing gourmet and medicinal mushrooms. 3rd ed. Berkeley, Calif.: Ten 
Speed Press; 2000. 
7. Pinho PG, Ribeiro B, Gonçalves RF, Baptista P, Valentão P, Seabra RM, et al. 
Correlation between the Pattern Volatiles and the Overall Aroma of Wild Edible 
Mushrooms. Journal of Agricultural and Food Chemistry. 2008;56(5):1704-12. 
8. Ribeiro Br, Andrade PB, Silva BM, Baptista P, Seabra  M, Valent o Pc. Comparative 
Study on Free Amino Acid Composition of Wild Edible Mushroom Species. Journal of 
Agricultural and Food Chemistry. 2008;56(22):10973-9. 
9. Manzi P, Gambelli L, Marconi S, Vivanti V, Pizzoferrato L. Nutrients in edible 
mushrooms: an inter-species comparative study. Food Chemistry. 1999;65(4):477-82. 
10. Sadler M. Nutritional properties of edible fungi. Nutrition Bulletin. 2003;28(3):305-8. 
11. Wang Y, Hall IR. Edible ectomycorrhizal mushrooms: challenges and 
achievements. Canadian Journal of Botany. 2004;82(8):1063-73. 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 
analysis in toxic and edible mushrooms 
61 
12. Guillamon E, Garcia-Lafuente A, Lozano M, D'Arrigo M, Rostagno MA, Villares A, 
et al. Edible mushrooms: role in the prevention of cardiovascular diseases. Fitoterapia. 
2010 Oct;81(7):715-23. 
13. Elementos complementares para a identificação de agáricos e boletos. Grupo 
Universitário de Micologia de Évora; 2006 [05/09/2012]; Available from: 
http://www.dbio.uevora.pt/ectoiberica/GUME/Leituras.zip. 
14. McAdam A. Keys to the British genera of agarics and boleti. Burnley: Nu-Age; 
2009. 
15. Jong SC, Birmingan JM. Mushrooms a source of natural flavor and aroma 
compounds. In: Chang ST, Buswell JA, Chiu SW, editors. Mushroom biology and 
mushroom products: proceedings of the First International Conference on Mushroom 
Biology and Mushroom Products. Hong Kong: Chinese University Press; 1993. p. 345-65. 
16. McKnight KH, McKnight VB. Mushrooms (Peterson Field Guides). Boston: 
Houghton Mifflin; 1987. 
17. Benedict RG, Stuntz DE. Mushroom odors. Pacific Search - September. 1975. 
18. Kuo M. Determining odor and taste.  2006 [05/09/2012]; Available from: 
http://www.mushroomexpert.com/odortaste.html. 
19. Mau J-L, Chyau C-C, Li J-Y, Tseng Y-H. Flavor Compounds in Straw Mushrooms 
Volvariella volvacea Harvested at Different Stages of Maturity. Journal of Agricultural and 
Food Chemistry. 1997;45(12):4726-9. 
20. Patowary BS. Mushroom Poisoning-an overview. Journal of College of Medical 
Sciences-Nepal. 2010;6(2):56-61. 
21. Eren SH, Demirel Y, Ugurlu S, Korkmaz I, Aktas C, Guven FM. Mushroom 
poisoning: retrospective analysis of 294 cases. Clinics. 2010;65(5):491-6. 
22. Diaz JH. Evolving global epidemiology, syndromic classification, general 
management, and prevention of unknown mushroom poisonings. Crit Care Med. 2005 
Feb;33(2):419-26. 
23. Yang W-S, Lin C-H, Huang J-W, Fang C-C. Acute Renal Failure Caused by 
Mushroom Poisoning. Journal of the Formosan Medical Association. 2006;105(3):263-7. 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 
analysis in toxic and edible mushrooms 
62 
24. Alves A, Gouveia Ferreira M, Paulo J, França A, Carvalho Á. Mushroom poisoning 
with Amanita phalloides — a report of four cases. European journal of internal medicine. 
2001;12(1):64-6. 
25. Schmidt O. Molecular Methods for the Characterization and Identification of the 
Dry Rot Fungus Serpula lacrymans. Holzforschung. 2000;54(3):221-8. 
26. Roe AD, Rice AV, Bromilow SE, Cooke JEK, Sperling FAH. Multilocus species 
identification and fungal DNA barcoding: insights from blue stain fungal symbionts of the 
mountain pine beetle. Molecular Ecology Resources. 2010;10(6):946-59. 
27. Frisvad JC, Andersen B, Thrane U. The use of secondary metabolite profiling in 
chemotaxonomy of filamentous fungi. Mycological Research. 2008;112(2):231-40. 
28. Xu J. Fundamentals of fungal molecular population genetic analyses. Current 
issues in molecular biology. 2006;8(2):75-89. 
29. Zhou X, Li Q, Zhao J, Tang K, Lin J, Yin Y. Comparison of rapid DNA extraction 
methods applied to PCR identification of medicinal mushroom Ganoderma spp. Prep 
Biochem Biotechnol. 2007;37(4):369-80. 
30. Dentinger BTM, Margaritescu S, Moncalvo J-M. Rapid and reliable high-throughput 
methods of DNA extraction for use in barcoding and molecular systematics of 
mushrooms. Molecular Ecology Resources. 2009;10(4):628-33. 
31. Seifert KA. Progress towards DNA barcoding of fungi. Mol Ecol Resour. 2009;9:83-
9. 
32. Ro H-S, Kim SS, Ryu JS, Jeon C-O, Lee TS, Lee H-S. Comparative studies on the 
diversity of the edible mushroom Pleurotus eryngii: ITS sequence analysis, RAPD 
fingerprinting, and physiological characteristics. Mycological Research. 2007;111(6):710-
5. 
33. Gonzalez V, Arenal F, Platas G, Esteve-Raventós F, Peláez F. Molecular typing of 
Spanish species of Amanita by restriction analysis of the ITS region of the DNA. 
Mycological Research. 2002;106(8):903-10. 
34. Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge JL, Levesque CA, et al. 
Nuclear ribosomal internal transcribed spacer (ITS) region as a universal DNA barcode 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 
analysis in toxic and edible mushrooms 
63 
marker for Fungi. Proceedings of the National Academy of Sciences of the United States 
of America. [Research Support, N.I.H., Extramural]. 2012 Apr 17;109(16):6241-6. 
35. Frisvad JC, Bridge PD, Arora DK, editors. Chemical fungal taxonomy. New York: 
Marcel Dekker; 1998. 
36. Zhou ZY, Liu JK. Pigments of fungi (macromycetes). Nat Prod Rep. 2010 
Nov;27(11):1531-70. 
37. Persson H. Mushrooms. 2007;35(12):635-7. 
38. Beutler JA, Der Marderosian AH. Chemical Variation in Amanita. Journal of Natural 
Products. 1981;44(4):422-31. 
39. Tsai S-Y, Tsai H-L, Mau J-L. Non-volatile taste components of Agaricus blazei, 
Agrocybe cylindracea and Boletus edulis. Food Chemistry. 2008;107(3):977-83. 
40. Binder M, Bresinsky A. Retiboletus, a new genus for a species-complex in the 
Boletaceae producing retipolides. Feddes Repertorium. 2002;113(1-2):30-40. 
41. Kirchmair M, Pӧder  , Huber CG, Miller JOK. Chemotaxonomical and 
morphological observations in the genus Omphalotus (Omphalotaceae). Persoonia 
2002;17:583-600. 
42. Berger RG, Neuhäuser K, Drawert F. Characterization of the odour principles of 
some basidiomycetes: Bjerkandera adusta, Poria aurea, Tyromyces sambuceus. Flavour 
and Fragrance Journal. 1986;1(4-5):181-5. 
43. Brondz I, Høiland K, Ekeberg D. Multivariate analysis of fatty acids in spores of 
higher basidiomycetes: a new method for chemotaxonomical classification of fungi. 
Journal of Chromatography B. 2004;800(1-2):303-7. 
44. White RL, Wentzell PD, Beasy MA, Clark DS, Grund DW. Taxonomy of Amanita 
mushrooms by pattern recognition of amino acid chromatographic data. Analytica Chimica 
Acta. 1993;277(2):333-46. 
45. Nielsen KF, Smedsgaard J, Larsen TO, Lund F, Thrane U, Frisvad JC. Chemical 
identification of fungi: metabolite profiling and metabolomics. In: Arora DK, Bridge PD, 
Bhatnagar D, editors. Fungal biotechnology in agricultural, food and environmental 
applications. New York: Marcel Dekker; 2004. p. 19-35. 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 
analysis in toxic and edible mushrooms 
64 
46. Valentao P, Lopes G, Valente M, Barbosa P, Andrade PB, Silva BM, et al. 
Quantitation of Nine Organic Acids in Wild Mushrooms. Journal of Agricultural and Food 
Chemistry. 2005;53(9):3626-30. 
47. Heleno SA, Barros L, Sousa MJ, Martins A, Santos-Buelga C, Ferreira ICFR. 
Targeted metabolites analysis in wild Boletus species. LWT - Food Science and 
Technology. 2011;44(6):1343-8. 
48. Charpentier BA, Sevenants MA, Sanders RA. Comparison of the effect of 
extraction methods on the flavor volatile composition of Shiitake mushrooms (Lentinus 
edodes) via GC/MS and GC/FTIR. In: Charalambous G, editor. The shelf life of foods and 
beverages - Proceedings of the 4th International Flavor Conference, Rhodes, Greece, 23-
26 July 1985. Amsterdam: Elsevier; 1986. p. 827p. 
49. Heleno SA, Barros L, Sousa MJ, Martins A, Ferreira ICFR. Tocopherols 
composition of Portuguese wild mushrooms with antioxidant capacity. Food Chemistry. 
2010;119(4):1443-50. 
50. Ribeiro B, Guedes de Pinho P, Andrade PB, Baptista P, Valentão P. Fatty acid 
composition of wild edible mushrooms species: A comparative study. Microchemical 
Journal. 2009;93(1):29-35. 
51. Nedelcheva D, Antonova D, Tsvetkova S, Marekov I, Momchilova S, Nikolova-
Damyanova B, et al. TLC and GC-MS Probes into the Fatty Acid Composition of some 
Lycoperdaceae Mushrooms. Journal of Liquid Chromatography & Related Technologies. 
2007;30(18):2717-27. 
52. Barros L, Dueñas M, Ferreira ICFR, Baptista P, Santos-Buelga C. Phenolic acids 
determination by HPLC-DAD-ESI/MS in sixteen different Portuguese wild mushrooms 
species. Food and Chemical Toxicology. 2009;47(6):1076-9. 
53. Justus K, Herrmann R, Klamann J-D, Gruber G, Hellwig V, Ingerl A, et al. 
Retipolides – Unusual Spiromacrolactones from the Mushrooms Retiboletus retipes and 
R. ornatipes. European Journal of Organic Chemistry. 2007;2007(33):5560-72. 
54. Mallavadhani UV, Sudhakar AVS, Satyanarayana KVS, Mahapatra A, Li W, 
vanBreemen RB. Chemical and analytical screening of some edible mushrooms. Food 
Chemistry. 2006;95(1):58-64. 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 
analysis in toxic and edible mushrooms 
65 
55. Cho IH, Namgung HJ, Choi HK, Kim YS. Volatiles and key odorants in the pileus 
and stipe of pine-mushroom (Tricholoma matsutake Sing.). Food Chemistry. 
2008;106(1):71-6. 
56. Maggi F, Papa F, Cristalli G, Sagratini G, Vittori S. Characterisation of the 
mushroom-like flavour of Melittis melissophyllum L. subsp. melissophyllum by headspace 
solid-phase microextraction (HS-SPME) coupled with gas chromatography (GC-FID) and 
gas chromatography-mass spectrometry (GC-MS). Food Chemistry. 2010;123(4):983-92. 
57. Tsujikawa K, Kuwayama K, Miyaguchi H, Kanamori T, Iwata Y, Inoue H, et al. 
Determination of muscimol and ibotenic acid in Amanita mushrooms by high-performance 
liquid chromatography and liquid chromatography-tandem mass spectrometry. Journal of 
Chromatography B. 2007;852(1-2):430-5. 
58. Maurer HH, Schmitt CJ, Weber AA, Kraemer T. Validated electrospray liquid 
chromatographic-mass spectrometric assay for the determination of the mushroom toxins 
[alpha]- and [beta]-amanitin in urine after immunoaffinity extraction. Journal of 
Chromatography B: Biomedical Sciences and Applications. 2000;748(1):125-35. 
59. Synytsya A, Mícková K, Synytsya A, Jablonský I, Spevácek J, Erban V, et al. 
Glucans from fruit bodies of cultivated mushrooms Pleurotus ostreatus and Pleurotus 
eryngii: Structure and potential prebiotic activity. Carbohydrate Polymers. 2009;76(4):548-
56. 
60. Smiderle FR, Carbonero ER, Sassaki GL, Gorin PAJ, Iacomini M. Characterization 
of a heterogalactan: Some nutritional values of the edible mushroom Flammulina 
velutipes. Food Chemistry. 2008;108(1):329-33. 
61. Pramanik M, Mondal S, Chakraborty I, Rout D, Islam SS. Structural investigation of 
a polysaccharide (Fr. II) isolated from the aqueous extract of an edible mushroom, 
Pleurotus sajor-caju. Carbohydrate Research. 2005;340(4):629-36. 
62. Lambert DG. Proteomics and metabolomics. Anaesthesia &amp; Intensive Care 
Medicine. 2010;11(9):372-3. 
63. Lindon JC, Nicholson JK. Analytical technologies for metabonomics and 
metabolomics, and multi-omic information recovery. TrAC Trends in Analytical Chemistry. 
2008;27(3):194-204. 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 
analysis in toxic and edible mushrooms 
66 
64. Wishart Ds Fau - Knox C, Knox C Fau - Guo AC, Guo Ac Fau - Eisner R, Eisner R 
Fau - Young N, Young N Fau - Gautam B, Gautam B Fau - Hau DD, et al. HMDB: a 
knowledgebase for the human metabolome.  20081216 DCOM- 20090303(1362-4962 
(Electronic)). 
65. Roessner U, Bowne J. What is metabolomics all about? BioTechniques. 
2009;46(5):363-5. 
66. Dunn WB, Ellis DI. Metabolomics: Current analytical platforms and methodologies. 
TrAC Trends in Analytical Chemistry. 2005;24(4):285-94. 
67. Katajamaa M, Orešič M. Data processing for mass spectrometry-based 
metabolomics. Journal of Chromatography A. 2007;1158(1–2):318-28. 
68. Xiao JF, Zhou B, Ressom HW. Metabolite identification and quantitation in LC-
MS/MS-based metabolomics. TrAC Trends in Analytical Chemistry. 2012;32(0):1-14. 
69. Werner E, Heilier J-F, Ducruix C, Ezan E, Junot C, Tabet J-C. Mass spectrometry 
for the identification of the discriminating signals from metabolomics: Current status and 
future trends. Journal of Chromatography B. 2008;871(2):143-63. 
70. Goodacre R, Vaidyanathan S, Dunn WB, Harrigan GG, Kell DB. Metabolomics by 
numbers: acquiring and understanding global metabolite data. Trends in Biotechnology. 
2004;22(5):245-52. 
71. Ryan D, Robards K. Metabolomics: The greatest omics of them all? Analytical 
chemistry. 2006;78(23):7954-8. 
72. Roux A, Lison D, Junot C, Heilier JF. Applications of liquid chromatography 
coupled to mass spectrometry-based metabolomics in clinical chemistry and toxicology: A 
review. Clin Biochem. 2011;44(1):119-35. 
73.  ochfort S. Metabolomics  eviewed:  A New “Omics” Platform Technology for 
Systems Biology and Implications for Natural Products Research. Journal of Natural 
Products. 2005 2005/12/01;68(12):1813-20. 
74. Smedsgaard J, Nielsen J. Metabolite profiling of fungi and yeast: from phenotype 
to metabolome by MS and informatics. J Exp Bot. 2005;56(410):273-86. 
75. Stadler M, Keller NP. Paradigm shifts in fungal secondary metabolite research. 
Mycological Research. 2008;112(2):127-30. 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 
analysis in toxic and edible mushrooms 
67 
76. Wang JH, Byun J, Pennathur S. Analytical Approaches to Metabolomics and 
Applications to Systems Biology. Semin Nephrol. 2010;30(5):500-11. 
77. Dettmer K, Aronov PA, Hammock BD. Mass spectrometry-based metabolomics. 
Mass Spectrom Rev. 2007;26(1):51-78. 
78. Manach C, Hubert J, Llorach R, Scalbert A. The complex links between dietary 
phytochemicals and human health deciphered by metabolomics. Molecular Nutrition & 
Food Research. 2009;53(10):1303-15. 
79. Smolinska A, Blanchet L, Buydens LMC, Wijmenga SS. NMR and pattern 
recognition methods in metabolomics: From data acquisition to biomarker discovery: A 
review. Analytica Chimica Acta. (0). 
80. Moser M. Keys to Agarics and Boleti (Polyporales, Boletales, Agaricales, 
Russulales). London: Roger Phillips; 1983. 
81. Courtecuisse R, Duhem B. Guía de los hongos de la Península Ibérica, Europa y 
Norte de África. Barcelona: Ediciones Omega; 2005. 
82. Noordeloos ME, Bas C, Vellinga EC, Kuyper TW, Van Crevel R, Kyper TW, et al. 
Flora Agaricina Neerlandica: Critical monographs on families of agarics and boleti 
occurring in the Netherlands: A.A. Balkema Publishers; 1988-2001. 
83. Marchand A. Les champignons du Nord et du Midi (Vol 1-9). Perpignan: Soc. 
Mycol. Pyrénées Mediterranéenes.; 1971-86. 
84. Pereira DM, Vinholes J, de Pinho PG, Valentão P, Mouga T, Teixeira N, et al. A 
gas chromatography–mass spectrometry multi-target method for the simultaneous 
analysis of three classes of metabolites in marine organisms. Talanta 
(2012).http://dx.doi.org/10.1016/j.talanta.2012.08.004. 
85. Mattila P, Lampi A-M, Ronkainen R, Toivo J, Piironen V. Sterol and vitamin D2 
contents in some wild and cultivated mushrooms. Food Chemistry. 2002;76(3):293-8. 
86. Kim M-Y, Chung l-M, Lee S-J, Ahn J-K, Kim E-H, Kim M-J, et al. Comparison of 
free amino acid, carbohydrates concentrations in Korean edible and medicinal 
mushrooms. Food Chemistry. 2009;113(2):386-93. 
87. Kavishree S, Hemavathy J, Lokesh BR, Shashirekha MN, Rajarathnam S. Fat and 
fatty acids of Indian edible mushrooms. Food Chemistry. 2008;106(2):597-602. 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 
analysis in toxic and edible mushrooms 
68 
88. Phillips DM, Ruggio DM, Horst RL, Minor B, Simon RR, Feeney MJ, et al. Vitamin 
D and sterol composition of 10 types of mushrooms from retail suppliers in the United 
States. J Agric Food Chem. 2011;59(14):7841-53. 
89. León-Guzmán MF, Silva I, López MG. Proximate Chemical Composition, Free 
Amino Acid Contents, and Free Fatty Acid Contents of Some Wild Edible Mushrooms 
from Querétaro, México. Journal of Agricultural and Food Chemistry. 1997;45(11):4329-
32. 
90. Bernaś E, Jaworska G. Effect of preservation method on amino acid content in 
selected species of edible mushroom. LWT - Food Science and Technology. 
2012;48(2):242-7. 
91. Beluhan S, Ranogajec A. Chemical composition and non-volatile components of 
Croatian wild edible mushrooms. Food Chemistry. 2011;124(3):1076-82. 
92. Kalac P. Chemical composition and nutritional value of European species of wild 
growing mushrooms: A review. Food Chemistry. 2009;113(1):9-16. 
93. Karine P, Paul A, André G, Russell JT. Fatty acid composition of lipids from 
mushrooms belonging to the family Boletaceae. Mycological Research. 
2006;110(10):1179-83. 
94. Heleno SA, Barros L, Sousa MJ, Martins A, Ferreira ICFR. Study and 
characterization of selected nutrients in wild mushrooms from Portugal by gas 
chromatography and high performance liquid chromatography. Microchemical Journal. 
2009;93(2):195-9. 
95. Karliński L,  avnskov S, Kieliszewska-Rokicka B, Larsen J. Fatty acid composition 
of various ectomycorrhizal fungi and ectomycorrhizas of Norway spruce. Soil Biology and 
Biochemistry. 2007;39(4):854-66. 
96. Yilmaz N, Solmaz M, Türkekul I, Elmastas M. Fatty acid composition in some wild 
edible mushrooms growing in the middle Black Sea region of Turkey. Food Chemistry. 
2006;99(1):168-74. 
97. Sanmee R, Dell B, Lumyong P, Izumori K, Lumyong S. Nutritive value of popular 
wild edible mushrooms from northern Thailand. Food Chemistry. 2003;82(4):527-32. 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 
analysis in toxic and edible mushrooms 
69 
98. Barros L, Venturini BA, Baptista P, Estevinho LcM, Ferreira ICFR. Chemical 
Composition and Biological Properties of Portuguese Wild Mushrooms: A Comprehensive 
Study. Journal of Agricultural and Food Chemistry. 2008;56(10):3856-62. 
99. Barros L, Baptista P, Correia DM, Casal S, Oliveira B, Ferreira ICFR. Fatty acid 
and sugar compositions, and nutritional value of five wild edible mushrooms from 
Northeast Portugal. Food Chemistry. 2007;105(1):140-5. 
100. Tsai S-Y, Huang S-J, Lo S-H, Wu T-P, Lian P-Y, Mau J-L. Flavour components 
and antioxidant properties of several cultivated mushrooms. Food Chemistry. 
2009;113(2):578-84. 
101. Kuo M. Agaricus silvicola.  2007 [04/10/2012]; Available from: 
http://www.mushroomexpert.com/agaricus_silvicola.html. 
102. Zawirska-Wojtasiak R. Optical purity of (R)-(−)-1-octen-3-ol in the aroma of various 
species of edible mushrooms. Food Chemistry. 2004;86(1):113-8. 
103. Larsen TO, Frisvad JC. Characterization of volatile metabolites from 47 Penicillium 
taxa. Mycological Research. 1995;99(10):1153-66. 
104. Rösecke J, Pietsch M, König WA. Volatile constituents of wood-rotting 
basidiomycetes. Phytochemistry. 2000;54(8):747-50. 
105. Wihlborg R, Pippitt D, Marsili R. Headspace sorptive extraction and GC-TOFMS 
for the identification of volatile fungal metabolites. Journal of Microbiological Methods. 
2008;75(2):244-50. 
106. Liu D, Hu Z, Liu Z, Yang B, Tu W, Li L. Chemical composition and antimicrobial 
activity of essential oil isolated from the cultured mycelia of Ganoderma japonicum. 
Journal of Nanjing Medical University. 2009;23(3):168-72. 
107. Wu S, Krings U, Zorn H, Berger RG. Volatile compounds from the fruiting bodies of 
beefsteak fungus Fistulina hepatica (Schaeffer: Fr.) Fr. Food Chemistry. 2005;92(2):221-
6. 
108. Nogueira L, Malheiro R, Pinho PGd, Baptista P. Volatile composition of three 
species of wild mushrooms from Trás-os-Montes region using HS-SPME and GC/IT-MS.  
XVI Encontro Luso-Galego de Química; Aveiro2010. 
 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 



































PART IV – ANNEX 
 
  
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 



























This page was intentionally left in blank 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 
analysis in toxic and edible mushrooms 
73 
Preliminary results of this work were presented as a poster communication (image 
bellow), at the “5º Encontro de Investigaç o Jovem da U. Porto (IJUP’12)”, held in 
“Reitoria da Universidade do Porto” on February 22nd, 23rd and 24th. 
 
Volatile and semi-volatile profiling of wild mushrooms by GC-MS and their 
importance in species identification 
Luís Carvalho, Félix Carvalho, Maria de Lourdes Bastos, Paula Baptista e Paula Guedes de Pinho 
 
Application of Gas Chromatography-Mass Spectrometry for targeted and non-targeted 

























This page was intentionally left in blank 
